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PREFACE 

The thesis entitled "STUDIES ON HEAVY ION TRaCKS IN 

SOLID DIELECTRICS" deals with the registration and measure- 

25 2 

ment of the tracks of fission products from Cf in three 
solid dielectric track detectors and the development of a 
theoretical method of computing the track length of any heavy 
ion in any solid dielectric of known molecular formula and 
density. Track-kinetics have been studied experimentally in 
detail to obtain information on (i) the dependence of track- 
etch rate on the energy-deposition rate (ii) the activation 
energy for bulk-etching and (iii) the different etching correc- 
tion factors needed to obtain the "true" track length from the 
experimentally observed track length under a given set of etch- 
ing conditions . 

Chapter I introduces the earlier development track regis- 
tration techniques and outlines the need of the present inves- 
tigation. 

Chapter II describes the details of the experimental 
methods and techniques for measuring the tracks due to fission 
products in mica/ Lexan and cellulose acetate. The evaluation 
of the etching correction terms for obtaining the true track 
lengths from the observed ones, has also been discussed in this 
chapter. 
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In Chapter III, the experimental determination of the 
etch rates and the activation energies for bulk-etching have 
been described. 

Chapter IV deals with the analysis of and a discussion 
on the experimental data. 

Chapter V deals with the development of a theoretical 
method of computing the track length of a heavy ion of known 

f _ ' 

energy, mass number and charge number in a solid dielectric 
of known molecular formula and density. 

Chapter VI briefly summarijies the contribution to 


knowledge 




CHAPTER I 


INTRODUCTION 

In 1958, Young^ reported that irradiation of lithium 

fluoride with fission fragments produced radiation-damaged 

areas around the path of the fragments. On chemical etching 

these areas formed pits which were visible \inder an optical 

2 

microscope. In 1959, Silk and Barnes found that when mica 

is irradiated with fission fragments, danaged regions, in the 

form of "tracks", could be observed by means of an electron 

o 

microscope. These tracks were approximately 100 A in diameter 
and practically linear. Later on, many other workers observed 

such tracks in thin films of different solid insulating 

3 4 5 

material. In 1961, Price and Walker 'showed that the 

tracks formed initially in mica could be enlarged, breadth- 
wise, by immersing the irradiated mica in hydrofluoric acid. 
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The hydrofluoric acid dissolves the mica in the vicinity of 
the original charged-particle track and depending on the period 
of immersion, one can obtain tracks with diameters of the order 
of microns which can be observed under an optical microscope. 

6— g 

Afterwards Fleischer and Price showed that similar optically 
observable tracks could be obtained by using appropriate 
chemical etching of irradiated samples of glasses, plastics 
and minerals. Since then considerable volume of work has been 
done by many investigators on various aspects of track forma- 

9 

tion and these have been summarized by Price and Fleischer 
in their review work. 

A very important application of track formation in 
Nuclear Physics is the determination of the kinetic energy of 
a fast moving ion from the length of the track in a solid di- 
electric medium. Of all the available physical methods of 
kinetic energy determination, the only other method which give 
a permanent track of this type is the nuclear emulsion method. 
When a charged heavy ion passes through a uniform suspension 
of fine grained (diameter 0. 2-0.4 /zm) silver bromide in gela- 
tin, the silver salt is affected along the path of the ion and 
its surroundings. By proper development procedure, which is 
similar to the development of an exposed photographic plate, 
one obtains tracks in the form of fine grains of metallic 
silver.^^ Ihere are some inherent dravbacks of the nuclear 
emulsion method which are avoidable wdth a solid dielectric 
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material. The composition of the nuclear emulsion is siabject 
to f luctuations, the density of the material is dependent on 
the humidity of the surroundings, there may be local varia- 
tions in the concentration of the silver bromide and there are 
distortions in the tracks during the humidification and the 
heating which is required during the development procedure. 

The tracks in a solid dielectric media like mica and Lexan are 
very stable and there is little uncertainty regarding the chemi- 
cal composition of these media. 

However, the usefulness of both the nuclear emulsions 
and the solid dielectric track detectors is somewhat limited 
by the absence of a suitable tl^oretical equation which corre- 
lates the rate of energy loss of an ion in these media to the 
energy of the ion, the mass and nuclear charge of the ion, and 
the chemical composition of the medium. Without such relation- 
ships extensive experimental calibration procedures are requir- 
ed for every ion, which amoxant to almost an impossibility. In 
the case of nuclear emulsion, very empirical relationships 

have been proposed between the observed track length and the 

11 

initial energy of a heavy ion by Heckman et al., while for 
SDTDs no reliable empirical relationship is avail ^le. The 
major hurdle in deducing an empirical relationship in this 
case is the known observation that in the high density SDTDs 

*A solid dielectric track detector will be hereafter desig- 
nated by SDTD, 
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a heavy ion ceases to produce any track much before it has 

12 

lost all its kinetic energy. 

Very recently, Mukherji and Srivastava^^ have given 

semi-empirical equations based on a stopping-power equation of 
14 

Bohr, by means of which energy- loss rate and total penetra- 
tion depths or ranges of heavy ions can be calculated in any 

elemental mediiam. These equations have been extended by 

15 

Mukherji and Nayak to the case of energy- loss and range of 

heavy ions in complex media like polyethylene, mylar, tissue 

material and nuclear emulsion and excellent agreement has been 

obtained between the calculated ranges and the experimental 

ranges reported by other workers. The presoit work aims at 

(a) experimental determination of the average track length of 

252 

fission products from Cf in mica, Lexan and cellulose acetate 
and (b) obtaining suitable theoretical equations for the energy- 
loss rates of heavy ions in SDTD and a suitable computational 
method for track length estimation. The main purpose of the 
experimental work has been to investigate the various etching 
corrections which have to be applied to the observed track 
lengths xmder a given set of conditions to obtain the** t:^e' 
track lengths, which have not received sufficient attention 
in the earlier experimental work. 




CHAPTER II 


experimental measurement of 

FISSION PRODUCT TRACK LENGTHS 
IN MICA, LEXAN AND CELLULOSE 

acetate 

11,1 GENERAL PROCEDURE 

. 252 

Fission products from Cf were allowed to pass through 
collimator holes and enter the desired solid dielectric track 
detector Ci.e., mica or Lex an or cellulose acetate) at a pre- 
determined angle of incidence. This was done inside a vacuum 
chamber. After the irradiation the SDTD was removed and 
treated with the appropriate chemical etchant under the proper 
conditions to develop the tracks. Finally the projected track 
lengths on the surface plane of the SDTD were measured by means 
of an optical microscope fitted with a calibrated eye-piece 
micrometer. The observed track lengths were corrected for 
over-etching and surface dissolution, for which detailed 
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experiments had to be done for obtaining the time for complete 
etching. Simultaneous experiments have been done on etch rate 
measurement at different points on the track to determine the 
dependence of track-etch rate at any point on the energy-depo- 
sition rate at that point. The bulk or general-etch rates 
have been measured at different temperatures to obtain the 
activation energies. The details are given in Chapter III. 

II. 2 SOURCE OF FISSION PRODUCTS 

Experimental determination of track lengths in SDTD 

normally requires a heavy ion accelerator so that heavy ions 

of accurately known kinetic energies are available. In the 

252 

absence of such a facility, Cf which undergoes fission 

spontaneously, has been used as a source of heavy ions. The 

drawback of such a method is that the fission products have 

different masses, nuclear charges and kinetic energies and 

there would be tracks of varying lengths corresponding to them 

in the SDTD. One can interpret the experimental track lengths 

in terms of the "averaged" track length of a heavy ion of the 

252 

mass and nuclear charge of the "average" fission product. Cf 

has a half-life of 2.55 years. The mass yields of the fission 

16 ' ' • ' 

products are well known and are shown in Table II.l. The 

kinetic energies of the fission products as determined by 
Schmitt et al.^® using solid state detectors are also shown 
in Table II.l. For theoretical calculation of the track laigths. 
Which follows later, it is necessary to know the velocity of 
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138.0 

139.0 
140-0 

141.0 

142.0 

143.0 

144.0 

145.0 
1460 


118.50 

119.75 
121. C 0 

121.50 

122.50 

122.75 

123.50 

124.75 

125.50 
126.00 

128.25 

129.25 
13000 

131.00 

132.00 
132 80 

133.75 
135.10 

136.25 

137.25 
138.30 

139.50 

140.60 

141.50 

142.60 

143.75 
144-75 

145.75 
146.90 

148.00 



45.8 
46 3 

46.8 

47.0 
47.3 

47.5 

47.7 

48.2 

48.5 

48.7 

49.6 

50.0 

50.3 

50.6 

51.0 

51.3 

51.7 

52.2 

52.7 

53.1 

53.5 

54.0 

54.4 

54.7 

55.1 

55.6 
56.0 

56.3 

56.8 

57.2 


102.50 
102.00 
101.00 

100.50 

99.50 

99.00 

98.00 
95. C 0 

94.50 
93.75 

92.50 

93.25 

94.00 
9400 

93.00 

92.25 

91.25 
89-85 

88.50 
87.03 

86.25 

84.50 

83.25 

82.50 

81.25 
80.10 

79.25 
78 -CO 
77.00 
7570 


12.87 

12.78 
12.66 

12.58 

12.46 
12.22 
12.14 
12.04 
11.82 
11.82 
11.82 

11.78 
11.67 

11.58 

11.47 
11.34 
11.21 
11.08 
10.99 
10.84 
10.72 
1063 
10.51 
10.40 
10.31 
10.19 
10.09 

9-97 


2.80 

2.20i 

1.40 

1.10 

0.70 

0.45 

0.25 

0.25 

0.05 

0.02 







TABLE II.l (Contd.) 
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1 

2 

3 

4 

5 

6 

mSM 

149.00 

57.6 

75.75 

9.94 

4.50 


150.10 

58.0 

73.50 

9.76 

3.75 

■M 

151.25 

58.5 

71.75 

9.61 

2.75 

■19 

152.25 

58.9 

70.60 

9.50 

2.40 

151.0 

153.25 

59.3 

69.50 

9.40 

2.10±0.1C 

152.0 

154.50 

59.7 

68 50 

9.30 

2.00 

153.0 

155.60 

, 60.2 

67.25 

9.18 

1.50 

154.0 

156.75 

60.6 

66.C0 

9.07 

T.GO 

155.0 

157.80 

61.0 

64.50 

8.93 

0.85 

157.0 

160.00 

61. 9 

62.00 

8.70 

0.50 

163.0 

166.65 

63.8 

55.00 

8.05 

0.15 


each fission product as well the nuclear charge associated 
with it. The velocity V of a fission product of mass nuiriber 
A is obtained from its kinetic energy E(MeV) ; 

i Am = E X 1.6 X lo”^ erg (2.1) 

. 2 O 

or V = 13.85x10® fE/A cm/sec (2.2) 

where = 1.67 x lo'^'^g is the mass of a nucleon. The value 
of V, in units of 10® cm/seC/. are also shown in Table II.l, 

During fission, a fission product of mass nuntoer A is 
formed with nuclear charges of different values. For example 
the products of mass number 140 may consist of the following 


Chain: 
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140. 

54 ' 


Xe 



140. 

55 


Cs 



140 

56 


Ba 



140 

57 


La 



140 

58 


Ce 


If the independent yield or the yield of a product of 
mass number A and nuclear charge 3, as formed directly from 
the fission events/ is designated by Y (Z), then the probabi- 
lity of formation of a product of mass number A and nuclear 
charge 3 within a mass chain is given by 


P^(Z) 


Z Yj, (3) 
2 ^ 


(2.3) 


P^_(Z) is known as the independent fractional chain yield of a 
product of nuclear charge. 3 in a chain .of mass A. The nuclear 
charge associated with a fission product of mass number A may 
be taken as the weighted average of the nuclear charges of the 
various isobars of mass number A: 


Z(a) = 2 P,(Z) 3 (2.4) 

Z 

If the curve of 2) versus 3 is a symmetrical/ Gaussian- 
type/ curve, then there is a most probable nuclear charge Zp(A) 
at which the peak of the curve occurs. In this case 3p(A) is 
identical with- Z( a) and one can associate this nuclear charge 
with a fission product of mass number A. For a heavy fragment 
of mass number A^^ (Ajj>126 in the case of californium), the 
most probable charge 3p(A) is given by Mukherji's prescription: 




A. 


H 


. . . ( 2.5) 


2.587 
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while for the complementary light fragment it would be 

= 98 - 2 . 587 ' -(2.6) 

since the sum of the two nuclear charges should be equal to 
the nuclear charge of Eqs. (2.5) and (2,6) give the 

most probable charges for thg fission fragments, to obtain the 
corresponding values for the fission products, it is necessary 
to determine first the mass number of the precursor fragment 
which had, by prompt neutron emission, yielded the particular 
fisssion product under consideration. This has been done with 

IP 

the help of the data of Schmitt et al. In Table II. 1 are 
listed the precursor fragment mass number A‘ corresponding to 
a given product of mass nimber A. The most probable charge 
Zp(A) for a fission product of mass nuitiber A was then obtained, 
if the product is a heavy one, with A^^ = A* in Eg, (2.5); for a 
light product of mass number A, Zp(Aj was obtained from Eq. (2.6) 
with Apj= (252-A') . These values of Zp are also listed in 
Table II. 1. 

II.3 CHARACTERISTICS OF THE SOLID DIELECTRIC TRACK DETECTORS 
I I . 3 . 1 General 

When a heavy ion passes through a solid insulator, consi- 
derable energy is deposited on the atoms on and aroxmd the trail 
The local disordered structure is thus associated with large 
amount of free energy, and hence, thermodynamically, should be 
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much more reactive than the \andamaged portions. Thus, vrfien 
such an irradiated sample is placed inside a chemical etchant, 
the damaged trail is etched at a faster rate than the undamag- 
ed portions. 

In the case of mica, appropriate period of etching of 
the damaged trails with hydrofluoric acid of the proper con- 
centration yields dark cylindrical tracks easily visible under 
an optical microscope using bright field illumination. However, 

etching does not always lead to a faithful magnification of the 

6 

original damaged track. Glasses usually give conical pits. 

By proper choice of etching condition it is possible to modify 

the shape of the final etch-figures. For example, zircon 

8 

gives shallow surface pits when etched with a strong hydroxide 

solution while boiling phosphoric acid at 500°C produces long 

19 

and narrow tracks. Figure 1 shows photomicrographs of the 

tracks in different SDTD obtained from the present experiments. 

Ii*3.2 Track Geometry 

An etchant usually attacks both the radiation-damaged 
area as well as the undamaged area, though the two rates may 
be appreciably different. If is the etch rate along the 
heavy ion track and is the bulk- etch rate or the rate of 
etching along the undamaged portion, then there would be a 
critical angle of incidence 0^ for the heavy ion. If the ion 
enters at ah angle less than 0 ^ then the track becomes 
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Fig. 1: Photomicrcgraph of fission product etched tracks 

in different solid dielectric track detectors. 

(a) Uncollimated fission product tracks in Lexan. 

(b) Collimated fission product tracks in mica entered at an 
angle of 30° with respect to the surface plane. 

(c) Two parallel tracks in cellulose acetate at a magnification 

of 1250. 

(d) Single track in Lexan with magnification of 1250. 
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completely erased due to bulk-etching. It has been shown by 

20 

Fleischer and Price that all tracks making an angle less 
than 0^ ~ sin ^ (V^/V^) would fail to register. The shape of 
the track largely depends upon the magnitudes of V,p and 
and the final shape may not be simply an enlarged version of 
the initial submicroscopic trail. If then the tracks 

look cylindrical/- as in the case of mica while if V.-p is not 
exceptionally large compared to then conical tracks are 
formed as in the case of Lexan and cellulose acetate- 

Some physical and chemical properties of the three SDTDs 
are listed in Table II. 2. 

II. 4 EXPERIMENTAL TECHtTIQUS 

II. 4.1 Target Preparation 

(a) Mica : Muscovite mica was cleft into thin trans- 
parent sheets of thickness approximately 200 ^^m. These sheets 

were cut into rectangular pieces of threg different sizes; 

2 2 2 

4x1.5 cm , 5x1.5 cm and 6x1.5 cm . These foils were 
washed thoroughly with de- ionized water and then etched with 
40% HP at 35°C for 100 minutes. This pre-etching enlarges the 
primordial tracks to a diameter of about 10 jj,mt which can easily 
be distinguished from the fission product tracks registered 
during Irradiation. These foils were washed in running tap 
water for 5 minutes and then 5 times with de-ionized water, 
once with acetone and, finally, were allowed to dry. These 
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TABLE II. 2 

Properties of mica, Lexan, and cellulose acetate detectors 


Properties 

Mica 

(Muscovite mica) 

Lex an 

(Bisphenol-A 

polycarbonate) 

Cellulose 
acetate 
(Photo- 
film base) 

1 . Composition 

ICAlaSisOioCOH)^ 

C- - H- . 0~ 

16 14 3 

^10^1 4°7 

2. Specific gravity 

2.93 

1 . 20 

1.3 2 

3 . Foil thickness 

200 

500 ij,m 

125 

4 . Uniformity 

fair 

good 

good 

5. Clarity 

clear 

clear 

clear with 
light blue 
tinge 

6 . Surface view 

some pits and 
scratches 

smooth, no 
backgroxand 
pits 

smooth, no 
background 
pits 

7 . Chemical etchant 

f^drofluoric 

acid 

Aqueous and 
alcoholic NaOH 

Aqueous 

NaOH 

8 . Pre- etch in g 

40% HF 

35°C/100 min. 

nil 

nil 

9. Critical angle* 
of incidence 

4°16' 

3°43' 

3°05 * 

10. Critical rate of 
energy loss 
( dE/dX) c 

( MeV/mg/cm^ ) 

13.0 

5.0 

8 .0 


* Determination of the critical angle of incidence has 

been described in Appendix A. 
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foils were kept between layers of soft-papers in covered 
plastic boxes. 

(b) Lex an ; Lexan (Bisphenol-A polycarbonate) sheets 
were obtained from the U.S.A. through the courtesy of Dr. B.K. 
Kothari/ University of California, San Diego, La Jolla, Cali- 
fornia. Lexan sheets of thickness 500 free from tracks 
and pits, were used for irradiation. These sheets were cut 
into rectangular pieces of the same size as that of the mica 
foils, 

(c) Cellulose acetate ; Cellulose acetate (Photo-film 
base) strips were obtained most conveniently by removing the 
photographic emulsion from photographic films (16 ram, ORWO, 

NP-7, Panchromatic) . About one metre of photographic film was 
cut from a film- roll and was fixed in sodium thiosulphate solu- 
tion. This makes the film transparent with a sky-blue tinge. 
This was treated with hot sodium hydroxide solution to remove 
the gelatin coating. This film-base was washed thoroughly in 
running tap water to remove all NaOH. Finally, it was washed 
with de- ionized water and was dried at room temperature. 

Microanalysis of this substance shows that its chemical 

composition is the same as that of cellulose acetate ^^10^14^ ^ * 

' ' 3' 

Its density was found to be 1.32 g/cm and the thickness 
roughly 125 ^m. 
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II. 4. 2 Mounting and Bombardment 

As shown in Pig. 2, the detector foil (SDTD) was fixed 
on the largest face of a triangular perspex block. Three 
perspex blocks were in use with angles between the base and 
the hypotenuse equal to 15°, 30° and 45°, and the appropriate 
one was used depending on the angle at which the fission pro- 
duct, after collimation, was desired to penetrate the SDTD. 

The mounted perspex block was attached to the collimator plat- 
form. The collimator consists of an aluminium block, contain- 
ing parallel holes of 1/16 inch diameter and 1 inch length in 

25 2 

an area of 4 square centimeters. A circular Cf-source on 

4 

platinum backing yielding 4.6x10 fissions per m.inute was 

placed at a distance of about 4 to 6 cm from one face of the 

collimator, while the SDTD placed on the perspex block, was 

in front of the other face. The source, collimator and SDTD 

were properly aligned. The whole set-up was then placed inside 

a vacuum chamber. The top cover of the vacuum chamber had a 

Wilson seal through which a steel rod with a rotating cap was 

inserted. To the lower end of this rod was attached a thick 

25 2 

aluminium guard foil which was positioned between the Cf 
source and the collimator. The chamber was evacuated to a 
pressure of '-^10 cm of mercury and then the aluminium guard 

foil was turned away by rotation of the rod from outside. This 
ensures that the fission product energy was not degraded by the 
air inside the chamber before reaching the SDTD during 
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process of evacuation. The Irradiation time was of the order 
of 24-36 hoursv which was found by trial aruns to give the 
optimiam track density without any overlapping of tracks. Hie . 
aluminium guard foil was turned back in between the source and 
the collimator before opening the air- admittance valve. Each 
irradiated sample was taken out and wrapped in thin polyethy- 
lene film before it was etched chemically with the appropriate 
etchant. A photograph of the whole experimental set-up show- 
ing the vacuum system is given by Fig. 3. 

II. 4. 3 Etching Technique 

The etchant solution was taken inside a covered glass 
beaker ( a polyethylene beaker was used for the etching of mica 
in hydrofluoric acid) and was maintained at the required tempe- 
rature in a- thermostatic bath (maximum temperature fluctuation 
was +0.5^C) . The SDTD was kept dipped inside the solution and 
was shaken intermittently. The etching time was measured with 
a stop-watch having a least count of 0.1 second. After a 
given time period^ the sample was quickly taken out and dipped 
into a large volume of water. It was then washed in running 
tap water for 5 minutes and then five times with de-ionized 
water. The foils were dried by pressing them carefully in 
between soft filter papers. Ihe etched samples were then 
mounted on standard microscope slides and fixed by adhesive 
tapes at the edges. 



Lotograp] 
tached v 
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For mica/ Lexan, and cellulose acetate the etchants used 
were 40% HF, 6.25 N NaOH + ethanol (l;l) and 6.25 N NaOH res- 
pectively. To find out the time 't^^ required for complete 
etching of tracks, the following procedure was adopted: 

The irradiated surface of the foil was demarcated into 
a few squares hy scratching with a pin. The foil was then 
etched for a small period of time, then washed, dried, and the 
tracks within these squares were scanned with a microscope. 

At least 5 to 10 tracks were present in each of those marked 
squares, and their observed track lengths were measured. The 
process of etching, washing and microscopic observation was 
repeated, with accurate noting of the etching time minutes 

each time), till past the maximum track length. In the case of, 
mica, the track lengths remained sensibly constant much beyond 
the complete etching time. In this case, the time t^ was noted 
for the first attainment of the maximum observed track length. 
But for Lexan and cellulose acetate the observed track length 
reached a maximum at time t^ and then started decreasing. 

For all the three solid dielectrics the time t^ has been 

determined at different temperatures in the appropriate etchants. 

The results are listed in Table II. 3. The etching conditions 

given in Table II. 3, were used to develop fission product tracks 

in various dielectric materials for track length measurement. 

A list of solid dielectrics and etchants with the suitable 

■ 21 ' 

etching conditions has been given by Fleischer and Hart. 
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TABLE II. 3 

Complete etching time t^ at different temperatures for 
different dielectrics obtained from Figs. 14 and 15 


SDTD 


ETCHANT 

TEMP. 

(°C) 

TIME 
t^ ( min . ) 

1. Mica 


40% HF 

35 

15 

2. Lex an 

(i) 

6 , 25 N NaOH + Ethanol ( 1 ; 1 ) 

33 

100 


(ii) 

6.25 N NaOH+ Ethanold: l) 

25 

180 


(iii) 

6 . 25 N NaOH 

55 

50 

3 . Cellulose 

(i) 

6.25 N NaOH 

70 

5-7 

acetate 

( ii) 

6 . 25 N NaOH 

50 

60 


II. 5 MICROSCOPIC OBSERVATION 

All the samples were viewed through a transmitted-light 
microscope " ERGAVAL" ( VEB Carl Zeiss JENA^. G.D. R. ) at a magni- 
fication of 1056. For precise measurement of track-etch rate 
and track diameter a still higher magnification of 2560 was 
used. An Erma* eye-piece micrometer disc (1.0 cm divided into 
100 divisions) was used for all the measurements. The eye- 
piece micrometer scale was calibrated against a standard Erma 
stage micrometer (0.1 cm divided into 100 divisions) for all 
objectives. The calibration procedure is as follows! 


*Mantif actured by Erma Optical Co./ Japan. 
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I I . 5 . 1 Calibration of Eye-Piece Micrometer 

The eye-piece micrometer divisions were calibrated in 
terms of microns (10 ^cm) using a standard Erma stage micro- 
meter. The stage micrometer was placed on the platform of the 
microscope and was focused with objectives of different magni- 
fications. The microscope has a built-in magnification of 
1.6 . The minimum number of divisions on the eye-piece micro- 
meter which coincided with an integral number of divisions on 
the stage micrometer, was noted in each case. All observations 
were done with an eye-piece of stated magnification of 16. If 
is the number of eye-piece scale divisions which coincided 
with N 2 divisions on the stage micrometer scale then the "true" 
objective magnification M is given by Eg. (2.7): 

/n 

M = 6.25 

At a particular objective magnification ' the length ' f (in 
^m) which corresponds to one division of eye-piece micrometer 
can be calculated from Eq. (2.8): 



The results of the calibration of the eye-piece micro- 
meter are listed in Table II. 4. 

11,5.2 Scanning Traversal 

For track length measurements, the samples were seined 
at a magnification of 1056, since at the highest magnification. 


(2.7) 



TABLE II 
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i.e., 2560y the edges of the track become fuzzy and eyes get 
strained during observation of thousands of bracks. 

A microscope stage of the type K4E (Carl Zeiss) was used 
with coaxial pinion heads for displacing the sample in the 
cross direction (x-axis) and in the longitudinal direction 
(y-axis) . Millimetre scales with verniers in both x- and y- 
axes permit the location of any point object accurately. 

The area scanning was done in strips equal in width to 
the diameter of the field of view. The procedure involved 
continuous focusing and de-focusing of the sample surface by 
means of the fine focus knob while scanning the sample. All 
the samples v/ere scanned by first focusing their left edges 
and traversing them along the y-axis/ keeping the x- axis fixed 
till the back edge was reached. After moving to a field of 
view towards the right hand side along the x-axis^ the samples 
were traversed in opposite direction along the y-axis upto the 
front edge. Again shifting a field of view in the x-direction 
and traversing in the y-direction and so on till the right 
edge comes into view. 

11,6 TRACK LENGTH MEASUREMENT 

The collimated fission products formed parallel tracks 
in solid dielectrics. The eye-piece micrometer scale was 
aligned with these tracks by simply rotating the. eye-piece 
and making one track lie along the micrometer scale. Since all 
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the tracks are parallel every track could be aligned along 
the horizontal scale of the eye- piece by inoving the platform 
along the x- and y-directions. 

11.6.1 Measuremait of Observed Track Lengths 

In the case of mica, the etched tracks were found to be 

cylindrical with rounded tips at both ends. Ihe observed track 

length was measured from the centre of one tip to the centre 

of the other tip. Conical tracks were observed in Lexan and 

cellulose acetate. Ihe intersection between a conical track 

at an angle to the surface and the etched surface is an ellipse 

with the track position shifted away from the centre towards 

the track tip, as shown in Fig. 4. The amoxint of shift can 

not be measured directly but can be calculated from, the equa- 

9 

tions given by Price and Fleischer. They have correlated the 
'true* track length L with the directly measurable quantities 
Z, V^t and 0: 

L = (Z + Vgt)/sin 0 (2.9) 

where Z is the depth of the track tip below the etched surface, 
0 is the dip angle and V^^t is the thickness of the material 
dissolved out in time t as shown in Pig. 4. 

In the present experiment the dip angle 0 is known and 
was determined accurately as described in Cnapter III. For 
the determination of the true track length using Sq. ( 2.9) , 
the value of 2 has to be measured directly. Unfortunately,^^^^ 
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in tnack length measinronent/ the langest pairt of the emron 
comes from the' measuirement of Z, The eirnoir which is asso~ 
ciated with depth measurement has be^ estimated with our 
microscope for the most probable track in Lexan and is fouo-d 
to be 13.6%^ 7% and 5 % for incident angles of 15°, 30° and 
45° respectively (Appendix B) . 

In the present work, the observed track length was 
measured from the centre of the track ellipse to the end of 
the track tip. The percentage errors associated with this 
kind of measurements were foiind to be 4.60%, 1.40% and 0.70% 
for tracks at 15°, 30° and 45° to the surface plane of the 
foil, respectively (Appendix b) . 


Keeping the above observed fact, in mind, it was decided 
to measure the observed track length from "centre to tip" in 
the case of Lexan and cellulose acetate. 


1 1 . 6 . 2 Determination of the "True" Track Lengths from the 
Observed Tpack Lengths 

The track length 71' observed xinder the microscope is 
the projected length of the track inside the dielectric on its 
surface plane which is parallel to the plane of the platform 
of the microscope. Since the fission products enter at a known 
angle '0' with respect to the surface plane of the dielectric, 
the observed length of the track L* is given by 



1 

cos 0 


( 2 . 10 ) 
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In Fig. 4 are shown the geometry of the track. The true 
track length L in plastics is different from L* owing to two 
reasons: (a) bulk-etching and (b) over-etching. 

(a) Bulk"!‘etching correction As has been mentioned 

earlier^ the etchant attacks both the radiation- affected as 
well as the radiation-unaffected areas. At a particular tem- 
perature and concentration of the etchant, the general or bulk- 
etch rate is constant while the track-etch rate is always 
greater than , but varies at different points on the track 
owning to the variation in the energy- deposition rate at these 
points. Since a finite etching time t^ is required for 
enlarging the track diameter to the lower limit of visibility, 
the etchant has time to dissolve out some amount of the di- 
electric from the surf ace. As shown in Fig. 4(b), V^tj^ 

is the thickness of the surface layer removed in time 't^' of 
etching, the length of the track which is consequently removed 
is equal to V^t^^/sin 0. Assuming that a time is just the 

time necessary to reveal upto the end of the track, the "true" 
track length would be given by 

L = — i— + {2.11) 

~ cos 0 sin 0 

where 1 is the observed projected track loigth on the surface 
plane. 

However, since in order to determine the time for complete 
etchina t^ , it is necessary to etch for some more time, some 
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correction has to be made for over-etching. 


(b) Over-etching correction (Aq): if the total time of 
etching is t and the time for complete etching is t^ then 
during the period (t-t^) the track would get extended inside 
the dielectric along the track direction by an amount V|^(t-t^) . 
ThuS/ the projected track length would be related to the true 
track length by 


L 


1 

cos 0 




sin 0 


- v^(t- 




( 2 . 12 ) 


Prom Eq. (2,12) it is clear that for the determination 
of the true track length, it is necessary to determine experi- 
mentally both 1, Vq and t^. If t^ then, since L is constant, 
a plot of L versus time would give t^. In the next chapter, 
experimental details for the determination of etc are 

described. 






CHAPTER III 


DETERMINATION OE ETCH RATES 

As explained earlier in Chap. II, Sec. II. 6. 2, value 
of the bulk-etch rate is necessary for obtaining the ‘true* 
track length from the observed ones. Further, the temperature 
dependence of the bulk-etch rate provides a simple method for 
determining the activation energies for bulk-etching. Ihe 
methods of measuring the bulk-etch rate and the results are 
dealt with in this chapter. 

To obtain the exact dependence of the track-etch rate 
on the energy-deposition rate (dE/dX), the track— etch rate Vij. 
has been measured as a function of the etched track length. 

The theoretical values of the energy-deposition rate at any 
point on the track has been calculated as explained in 
Chapter V. From these, the dependence of on (dE/dX) has 
been explored. 
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111.1 MEASUREMENT OF BULK- ETCH RATE 

G 

The bulk-etch rate is defined as the speed with which 
the undamaged regular material of the detector foil is dissol- 
ved away by an etchant. The bulk-etch rate is isotropic in 

' 9 

most of the plastics. 

In the present work the bulk-etch rates have been 
measured by two techniques: 

(a) Gravimetric technique 
and (b) Track-diameter technique. 

111. 1.1 Gravimetric Technique 

This method is based on the measurement of the weight 
lost by a sample foil of known area after it is etched by the 
etchant solution of known concentration for a given period of 
time at a given temperature. 

The detector foil was cut into rectangular pieces and 
the surface area ' S' was accurately measured. Each foil was 
then weighed on a semi— micro balance. It was then dipped 
inside the desired chemical etchant kept at a constant tonpe- 
rature in a thermostatic bath. The detector foil was attacked 
by the etchant uniformly normal to the two faces. After every 
30 minute period of etching, the foil was washed, dried and 
weighed. The loss of weight 'Am' in grams was noted against 

the etching time ' t' in minutes. Then the bulk-etch rate is 

given as:' ' : \ - 
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4 

~ 2S Pt ^ (/iin/iiiin) (3»l) 

where, pis the density of the detector foil in g/crr? , and S 
is the surface area of the foil in cm^. 

Here, the contribution of the material etched out from 
the side faces of the foil has been neglected, because of the 
thinness of the foil. In the present investigation, the weight- 
loss due to the etching of side faces is only about 1-3% of the 
total weight- loss. 

The results obtained for Lexan and mica foils are shown 
in Fig. 5 and Fig. 6 respectively. 

I II. 1.2 Track-Diameter Technique 

The increase of track-diameter with etching time gives 
a measure of the bulk-etch rate along the surface plane. 
Actually the bulk-etch rate is equal to one-half of rate of 
increase of the diameter of a track . 

If ' d' in /Um , is the diameter of a track after etching 
for a time t in minutes, then 

d = 2 V^t ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ (3.2) 
or |(f] (3.3) 

The gravimetric method is more convenient for higher bulk-etch 
rates, while the track-diameter method is reliable only upto 
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diameters of about In this raige the track-dia- 

meter versus etching time curve remains linear and not affect- 
ed by saturation effects which are sometimes observed at larger 
diameters. 

III. 1.3 Isotropy in Bulk-Etching 

The isotropy in bulk-etching of Lexan and mica has been 
tested by the determination of the bulk— etch rates under a 
given set of etching conditions by using gravimetric and track- 
diameter techniques, 

A Lexan foil was etched in 6.25NNaOH t ethanol (1:1) 
at 33°C and the loss of weight was measured after every 30- 
minute period of etching, and the results are showi in curve 
' A‘ of Fig. 5. Curve *B' represents the increase in fission 
product track-diameter with etching time under the same etch- 
ing conditions . The bulk-etch rates and ("^( 5)3 / Obtain- 

ed from the slope of curve A and B respectively, are found to 
be agreeing within the uncertainty in measurements 

(V^)^ = 0.8610 +- 0.043 1 7 iiT/hr 

Qj . 

and (VJ- = 0.8424 + 0.0312 /^m/hr. 

But in the case of mica sample etched in 40% hydrofluoric acid 
at 50°C, the bulk-etch rates obtained from these two methods 
are found to be quite different. In Fig. 6 , curve A and B 
represent the weight- loss and the track-diameter increase with 



37 


etching time respectively, it was foiond that the bulk-etch 
rate normal to the surface is about twenty times slower 

than the rate of etching along the surface (vj^. For mica 
the results are as follows; 

(Vq)^ = 0.4800 + 0.0431 y^rn/hr 

and =9.3600 + 0.0312 /im/hr. 

The above observations indicate that the bulk-etch rate 
is isotropic in the case of Lexan, whereas it is anisotropic 
in the case of mica. 

III. 2 TRACK- DIAMETER KINETICS 

The information inherent in the diameters of etch-pits 

20 

was first utilized by Fleischer and Price, in 1964, for the 
determination of etchable track lengths of fission fragments 

entering a glass detector normal to its surface. Again in 

29 

1966, Somogyi observed that the track- diameter evolution 
during the etching process depends largely on the energies and 
types of the track-producing particles. The phenomenon was 
illustrated for alpha particle tracks in cellulose nitrate, 
and for fission product tracks in soda glass, and was sugges- 
ted as a method for the identification of nuclear reaction 
products. Other applications of the track diameter kinetics 
have been reported by many workers.^ Detailed investiga- 

tion of the theoretical aspects of track-diameter kinetics 
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O 

have been made available by Somogyi and Szalay. 

The effect of temperature on the rate of increase of 
diameter has been studied in the case of Lexan, cellulose 
acetate and mica and would be discussed in the following 
sections. 


III. 2.1 Temperature Dependence of the Rate of Increase of 
Track-Diameter in Isotropic Solid Dielectrics 

Most non-crystalline materials such as plastics show an 

9 

isotropic behaviour when etched in some chemical etchants. In 
such solids, the bulk-etch rate , normal to the surface and 
along the surface, are equal (Chap. Ill, Sec. III. 1.3) . The 
diameter of the initial damage-trails formed by un degraded 

o 

fission fragments in plastics was foiond to be less than 100 a 
C hemical etching results in a preferential attack along the 
trail of the particle. The degree of damage and the etch rate 
both decrease with the depth of penetration inside the solid 
dielectric track detectors. The etch rate along the traclc 
beyond the damage-trail is equal to the bulk-etch rate of 


the undamaaed material. 


The tracks in Lexan and cellulose acetate used in these 
studies were those of fission products incident at 15 to the 
SDTD surface as has been mentioned in Chap. II, Sec. II. 4. 2_. 

The growth of the track-diameter (ininor axis of the 
ellipse formed by the intersection of a tilted conical track 
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with surface plane) with etching time has been measured for 
Lexan and cellulose acetate at several temperatures. Figs. 7 
and 8 show these curves at different temperatures. The values 
of Vq has been obtained as a function of temperature from these 
curves. At these temperatures the bulb-etch rates were also 
determined for Lexan and cellulose acetate using the gravi- 
metric technique. The results are listed in Tables III. 1 and 
III. 2. 

These results indicate that in cellulose acetate also 
the bulk-etching is isotropic in nature. 

111.2,2 Temperature Dependence of the Rate of Increase of 
Track- Diameter in Anisotropic Solid Dielectrics 

Cirystalline solids usually show anisotropic etching 

behaviour due to the compositional gradients within single 

9 

crystals of natural minerals. This is also true in the case 
of mica. In mica/ the acid very rapidly permeates the conti- 
nuously damaged portion of a particle trajectory and then 

begins to dissolve the surrounding material/ attacking only 

38 

in a direction parallel to the cleavage planes. As shown 
in Sec. III. 1.3 the bulk-etch rate normal to the cleavage plane 
is negligibly small. For mica/ therefore/ the rate of increase 
of track-diameter is the only method for determining the bulk- 
etch rate along the cleavage plane. 

The temperature dependence of the rate of increase of 
track— diameter in muscovite mica has be©:i studied. Irradiated 



6.25 NNaOH + Ethanol (1:1) 
50°C /^o°c 
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table III.l 


The bulk-etch rate for Lexau/ at various etching 
temperatures, determined by two different techniques 
with 6 . 25 N NaOH+ ethanol (1:1) as the etchant 


Temperature 

(°c) 

BULK- ETCH RATE 

(^m/hr) 

Gravimetric 

technique 

Track-diameter 

technique 

25 


in 

• 

O 

0.3510 + 0.0176 • 

0.3744 + 0.0312 

30 

Hh 

0,5 

0.6750 + 0.0338 

0.6250 + 0.0312 

33 

+ 

0.5 

0.8610 + 0^0431 

0.8424 + 0.0312 

40 

•f 

0.5 

1.5400+0.0770 

1.56 25 + 0.05 20 

50 


LO 

• 

o 

3.9500 + 0.1975 

3.7440 + 0.1563 




TABLE III. 2 


The bulk-etch rate for cellulose acetate, at various 

etching temperatures, determined by two different 
techniques with 6.25NNa0H as the etchant 

Temperature 

BULK- ETCH 

RATE (jum/hr) 

(°c) 

Gravimetric 

technique 

Track-diameter 

technique 

30 + 

0.5 

0.1020 + 0.0051 

0,1041+0.0260 

40 + 

0.5 

0.3060+0.0153 

0.3125+0.0312 

50 + 

0.5 

0.9150 + 0.0458 

0.9375 + 0.0312 

60 + 

0.5 

2.7500 + 0.1375 

2.8125+0.0520 

70 + 

0.5 

7.4230 + 0.3712 

7.5000+0.1041 

80 _+ 

0.5 

17.3900 _+ 0.8695 

17.5000 H- 0.1563 
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samples of mica were etched with 40% hydrofluoric acid and 
the diameters of a few fission product tracks were measured 
as a function of etching time at several temperatures. The 
tracks in mica were found to be cylindrical in shape with a 
track-diameter of 1.5 /zm after 40 minutes of etching in 40% 

HF at room temperature/ whereaS/ diamond shaped tracks with 
diameter of about 25 /^m were observed after 12 hours of etching 
under same conditions. Fig. 9 shows a plot of the track dia- 
meter versus etching time at different temperatures. 

The measurements of the track-diameters were done at a 
magnification of 2560. The uncertainty in measurement is 
+ 0.3 fim. 


III. 3 determination of activation energy for bulk- ETCHING 

26““ 28 

Several workers have tried to correlate the varia- 

tion of bulk-etch rate with temperature in analogy with a 
chemical reaction. If is the bulk-etch rate at a tempera- 
ture I^K for a particular solid dielectric with a particular 
etchant of a given concentration/ then the dependence of ’^G 
on T is given as 


V, 


G 


= Ae 


-EaAT 


(3.4) 


Where A is a constant/ Eg is the activation energy for bulk- 
etching and k is the Boltzmann constant respectively. 
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Thus, 

log = 

A plot of log Vg versus T gives a measure of the activation 
energy Eg. If ' m' is the numerical value of the slope of such 
plot then one gets in electron volts from the relation 

Eg (eV) = 0.1986m ^ ^ ^ ^ . ..(3.6) 

The values of the bulk-etch rates at different tempera- 
tures were obtained from Figs. 7, 8 and 9 and are tabulated in 
Tables III. 3, III. 4 and III. 5 respectively. Further, the 
values of log have been plotted against T ^ for Lexan 
(Fig. lo) , cellulose acetate (Pig. 11) and for mica (Pig. 12) . 

The values of Eg obtained from the least square fit of log 

-1 

versus T in the case of Lexan, cellulose acetate and mica 
etched with appropriate etchants are given in Table III. 6. The 
last column shows the values of the constant A. The values 
of the activation energies are useful from the practical point 
of view since this would allow the values of to be calcula- 
ted at any temperature. For track length measuremoat/ the 
etching can be carried out at any convenient temperature and 
the correction for bulk-etching can be appropriately done by 
means of Eg, ( 3 .4 ) to obtain the * true* track length as men- 
tioned earlier in Chap. II, Sec. 11.6.2). 
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X'Ab-LE III.S 


The bulk etch rate for mica at different etching 
temperatures with 40% HP as the etchant 


Etching temperature 
(°C> (°K) 


Bulk-etch rate V 
G 

(/iim/hr) 


^ (x 10^)(°K)~^ 


21 + 0.5 294 + 0.5 0.9375 + 0.0520 3.401 + 0.006 

24 + 0.5 297 + 0.5 1.0410 + 0.0520 3.367 + 0.006 

26 + 0.5 299 + 0.5 1.2500 + 0.0520 3.345 + 0.006 

30 + 0.5 303 + 0.5 1.5625 + 0.0520 3.300 + 0.005 

35 + 0.5 308 + 0.5 2.2782 + 0.0625 3.247 + 0,005 

40 + 0.5 313 + 0.5 4.0625 + 0.1041 3.195 + 0.005 

50 + 0.5 323 _+ 0.5 9.3750 _+ 0.1563 3.096 + 0.005 


TABLE I I I. 6 

Values of the activation energies for bulk etching of 
Lexan, cellulose acetate and mica with their suitable 
chemical etchants and calculated values of constant A 


SDTD 

Chemical etchants 

Activation 
en ergy 
S_(eV) 

, ■ ■ o 

Constant 

A 

(/Li m/hr) 

1 . Lexan 

6.25 N NaOH+EthanoKl: l) 

0.763JP.008 

2,94x10^^ 

2. Cellulose 
acetate 

6.25NNaOH 

0.952+0.010 

6.80x10^^ 

3 . Mica 

40% HP 

0.666+0.038 

2.20x10^^ 
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III. 3.1 Empirical Calculation of the Complete Etching 
Time at any Temperature 

The complete etching time t^ has to be known for the 
determination of the true track length from the experimentally 
observed track length. Since it requires a laborious experi- 
ment at each temperature for obtaining t , an empirical method 
for calculating t^ would be very useful. During the present 
experiments it was observed that the complete etching time 
always corresponds to a fixed value of the track- diameter d^ 
which is independent of temperature for a given etchant and 
dielectric. These values for d^ are 1.5+0.3 /:^m, 2. 0 + 0*3 
and 2.5 +0.3 jJ,m for mica (40% HP), cellulose acetate (6.25 N 
NaOH) and Lexan (6.25 N NaOH + ethanol, l:l) respectively. 

Since the bulk-etch rates (along the cleavage plane for 

mica) are functions of temperature, the complete etching time 


t can be calculated from the relation 
c 


2V^ 2 A 


(3.7) 


where A is a constant and Eg is the activation energy, k is 
Boltzmann' s constant and T is the temperature at which etching 
is carried out. Thus, with the values of A and Eg listed in 
Table III. 6 one can calculate the value of t^ at any tempe- 


rature T. 


j, }. 5 . i .r r 

infill 
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1 1 1. 4 MEASUREMENT OF TRACK- ETCH RATE 

When a swifty moving ' light' heavy charged particle like 
^He or 0 at'~^10 MeV/nucleon penetrates into a solid dielec- 
tric, it causes very little damage to the surface, but as the 
depth of penetration increases the rate of energy-deposition 

also becomes high and reaches a maximum value somewhere near 

39 

the end of its trajectory (Bragg curve). However, for fission 
products, which are very heavy ions at initially rather low 
energy, the rate of energy-deposition falls continueously 
along the path right from the surface of the SDTD. Ihus 
fission products cause maximum radiation- damage at the surface 
of the detector foil and the extent of damage decreases with 
the depth of penetration. Conseguently, rate of chemical etch- 
ing along the trail of a fission product also decreases and 
becomes equal to the bulk-etch rate at the end of the track. 

Assuming that over a small portion of the track the 
track-etch rate remains almost constant, can be obtained 
by measuring the track length— increase at different etching 
times. If, over a small etching time period, <^t / the increase 
in track length is A1 , then 



At 


(3.8) 


The geometry of track etching in plastics have been shown 
in Fig. 13. An incident fission product enters the detector 




■IH 


13. Schewatle r«pres«itation 
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surface at a point P and at a dip angle 0. Ihe point C is 
the end of the particle track. The actual length of the track 
is PC, But since during the etching process the surface of th 
detector foil is etched out at a rate , therefore, in time 
^2 * length Vgt 2 /sin 0 (i.e.^ track is erased 

due to bulk-etching and the track length is increased by an 
amount Aq ~ over-etching, where t^ is the 

complete etching time. The observed track length increases 
with etching time due to a faster rate V,j along the track t 
the point C is reached. Beyond the point C the material 1 
undamaaed and is etched at the bulk-etch rate V^. Purthe- 
etching will cause a decrease in the observed track lengt 
all incident angles less than 90°. After applying the 1 
etching (Ag) and over etching (Aq) corrections, as desc 
in Chap. II, Sec. II. 6. 2, one can get the true track If 
any etching time and obtain from these the track-etch 

For the purpose of determining , samples of I 
cellulose acetate were exposed to fission products at 
of 15° to the surface and that of mica at an angle oi 
Lexan sheets were etched in 6.25 N NaOH + ethanol {!■ 
temperatures 25°C and 33°C, and in 6.25 IT NaOH at 5f 
cellulose acetate foil was etched in 6.25 N NaKDH at 
mica with 4C% HP at 35°C. The etching procedure h- 
been discussed in Chap. II, Sec. 11.4.3. All thes 
were over-etched much beyond the complete etchinc 
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Aftex" ev6ry etching^ the diameteirs and the lengths of a few 
selected tracks were measured in each foil. All the measure- 
ments were done at a magnification of 2560. The uncertainty 
in the measurements was + 0.3 /^m. 

Figures 14, 15 and 16 show the variation of the observed 

and true track length with etching time. It can be seoi that 

the observed track lenaths start decreasina after time t . 

- c 

whereas, the corrected or true track lengths remain constant 

much beyond the etching time t^ for complete etching. In the 

case of mica, where the rate of dissolution normal to the 

25 

surface is negligible (see also Sec. III. 1.3 of this chapter) 
no correction terms are required to get the true track length. 
This is confirmed by the fact that the observed track lengths 
were found to be practically constant even after the complete 
etching time t^ , as shown in Fig. 16. 

The values of the actual or true track lengths obtained 
from the observed ones corresponding to different etching times 
for a single track in Lexan etched with 6.25 N NaOH + ethanol 
(l:l) at 33*^C are listed in Table III. 7. In a similar manner, 
the true track lengths have been determined at different etch- 
ing time for a group of tracks in each SDTD. 

The values of the track-etch rate at different points 
on the tracks for each track studied were obtained from the 
values of the true track lengths at differait etching time. 

In each case the values of the track— etch rate V,p ars tsbulated 



track length (Lim) TRACK LENGTH (;jm) 
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table III. 7 

Variation of the true etched track length with etching time for 
Lexan etched with 6.25NNaOH + ethanol (1:1) at 33®c. The dip 
angle is 15 & the bulk-etch rate Vq is equal to 0.01404 /iiVmin. 


t 

(minutes) 

1 

( /^m) 

l’ 

(/Um) 

^s 

ijLOn) 

^o 

iMm) 

True etched 
track length 
(/^ m) 

10 

- 

- 

- 

- 


20 

6.25 

6.47 

1.09 

- 

7.56 

30 

9.38 

9.71 

1.63 

- 

11.34 

40 

11.25 

11.65 

2.17 

- 

13.82 

50 

12.50 

12.94 

2.71 

- 

15.65 

60 

13.44 

13.91 

3.25 

- 

17.16 

70 

14.06 

14.56 

3.80 

- 

18.36 

80 

14.38 

14.89 

4.34 


19.23 

90 

14.38 

14.89 

4.88 

- 

19.77 

lOO 

14.38 

14.89 

5.42 

- 

20.31 

110 

14.06 

14.56 

5.97 

0.14 

20.39 

120 

13.44 

13.91 

6.51 

0 . 28 

20.14 

150 

12.50 

12.94 

8.14 

0.70 

20.38 

180 

11.25 

11.65 

9.76 

1.12 

20.29 


t = etching time; 1 = projected observed track length; LV = observed 
track length; Ag = bulk-etching correction; over-etching 

correction. 
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along with the penetrated depths and the theoretically calcu- 
lated energy— loss rates at these penetration depths and are 
given in Tables III. 8 to III. 12. 

From these tables the values of track-etch rate have 
been plotted against etched track length L for each track studied 
under specified etching conditions in Lexan, cellulose acetate 
and mica. Figs. 17, 18, 19, 20 and 21 show the plots of 
versus L and these seem to imply a linear relationship. The 
uncertainty in the track lengths is +0.3 /im and in +0.044 
yam/min . 

The procedure for obtaining the theoretical values of 
dE/dX, as a function of penetration depth would be explained 
in Chap. IV, Sec. IV. 2. 
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table II I. 8 


Some representative tracks, their identity (i.e., mass 
number of the fission product causing the track), the 
track-etch rate (Vx) at different etched track lengths 
(ETL) and the calculated energy- loss rates (dE/dX) . 

(Lexan; etchant: 6 , 25 N MaOH+ ethanol 1:1, temperature; 25^c) 



TRACK 

1 

track 2 


TRACK 3 


L = 18 

.5 jj,xn, 

A - 139 

L = 19 

. 1 psm. 

A- 136 

L = 19 

.6 fsm, A 

= 134 

ETL 

Vt 

dE/dX 

ETL 

Vt 

dE/dX 

ETL 

Vt 

dE/dX 

6.34 

0.300 

44.0 

6.98 

0.300 

43.5 

- 

- 

- 

9.00 

0.234 

36.5 

9.65 

0.234 

36.5 

10.13 

0.234 

36.0 

11,10 

0.186 

31.0 

11.75 

0.185 

31.0 

12.23 

0.186 

31.0 

12.80 

0.153 

26.5 

13.44 

0.153 

27.0 

13.93 

0.153 

26.5 

14.25 

0.137 

22.5 

14.89 

0.137 

22.5 

15.38 

0.137 

23.0 

15.46 

0.105 

19.0 

16.10 

0.105 

19.0 

16,59 

0.105 

19.5 

16.34 

0,072 

16.0 

16.99 

0.073 

16.5 

17.47 

0.072 

17.0 

16.99 

0.057 

14.0 

17.64 

0.057 

14.5 

18.12 

0.057 

15.0 

17.47 

0.040 

12.5 

18.12 

0.039 

13.0 

18.60 

0.040 

13.5 

17.80 

0.025 

11.5 

18.44 

0.025 

12.0 

18.93 

0.025 

12.0 

18.04 

0.024 

10.5 

18.68 

0.024 

10.5 

19.17 

0.025 

11.0 

18.20 

0.007 

9.0 

18.84 

0.008 

9 .0 

19.33 

0.007 

10.0 

18.29 

0.011 

8.5 

18.92 

0.008 

8.5 

19.40 

0.008 

9.5 

18.37 

0.005 

7.0 

19.00 

0.008 

8.0 

19.48 

0.008 

9.0 

18.43 

0.008 

6.0 

19.08 

0.008 

7.5 

19.56 

0.008 

8.0 


L = maximum etch able track length; ETL = etched track length in 
units of ij,m ; = track-etch rate in units of /iin/min.; and 

dE/dX - calculated energy- loss rate in xanits of MeV/mg/csn . 
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table III. 9 


Some representative tracks, their identity {i.e., mass 
number of the fission product causing the track), the 
track~etch rate (V'p) at different etched track lengths 
(ETL) and the calculated energy- loss rates (dE/dX) . 
(Lexan; etchant: 6. 25 N NaOH+ ethanol 1: 1, temperature: 33°c) 


track 1 

TRACK 2 

TRACK 3 

L= 20.3 /^m, A= 123 

L= 21.0 /urn , A= 119 

1 L= 22.2 yCim, A= 111 

ETL dE/dX 

ETL dE/dX 

1 ETL dE/dX 


9.44 

0.377 

39.50 

12.56 

0.248 

31.50 

14 .72 

0.183 

26.00 

16.39 

0.151 

21.50 

17.74 

0.120 

17.00 

18.77 

0.086 

14.00 

19.47 

0.054 

11 .50 

20.01 

0.054 

9.00 


10.17 

0.393 

39.00 

13.45 

0.264 

30.75 

15.69 

0.183 

25.00 

17.36 

0.151 

20.00 

18.71 

0.119 

16.00 

19.74 

0.087 

13.00 

20.44 

0.054 

10.00 

20.82 

0.021 

7.00 


11.22 

0.409 

39.00 

14.58 

0.264 

30.50 

16.90 

0.199 

24.50 

18.65 

0.151 

20.00 

20.00 

0.120 

16.50 

21.03 

0.086 

13 .50 

21.73 

0.054 

11.00 

22.11 

0.022 

8.50 


L = maximum etchable track length; ETL = etched track length in 
units of /im; V,p = track-etch rate in units of ^nv^min.; and 
dE/dX = calculated energy-loss rate in units of MeV/mg/cm . 
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TABLE III. 10 

Some representative tracks^ their identity {i.e.,mass 
number of the fission product causing the track), the 
track-etch rate (vj at different etched track lengths 
(ETL) and the calculated energy- loss rates (dE/diu . 
(Lexan; etchant: 6.25NNaOH, temperature: 55°C) 


TRACK 1 

TRACK 2 

, 

TRACK 3 

L= 13 

.6 /^m, A 

= 163 

L = 15 

.6 fj,m, A 

= 154 

L = 16 

.4 Aim, A= 

= 150 

ETL 

Vt 

dE/dX 

ETL 

^T 

dE/dX 

ETL 


dE/dX 

7.51 

0.380 

28.5 

9.62 

0.450 

28.0 

10.61 

0.460 

27.5 

9.26 

0.320 

23.0 

11.54 

0.320 

22.5 

12.53 

0.310 

22.0 

10.62 

0.222 

18.5 

12.89 

0.220 

17.5 

13.85 

0.220 

18.0 

11.56 

0,156 

15.5 

13.83 

0.156 

14.5 

14.79 

0.160 

15.0 

12.27 

0.126 

13.5 

14.53 

0.126 

12.5 

15.50 

0.126 

13.0 

12.74 

0.062 

11.5 

14.99 

0.060 

10.0 

15.97 

0.060 

10.5 

13.04 

0.060 

10.0 

15.29 

0.060 

8.5 

16.27 

0.060 

8.0 


L = maximum etchable track length; ETL = etched track length in 

units of lim; = track-etch rate in units of jUm/min.; aid 

■' ' ' ' ' ' 2 ' ' 

dE/dX - calculated energy- loss rate in units of MeV/mg/an . 
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table III. 11 

Some representative tracks, their identity (i.e.,mass 
number of the fission product causing the track) , the 
track-etch rate at different etched track lengths 

(ETL) and the calculated energy- loss rates (dE/dX). 
(Cellulose acetate; etchant: 6 .25 N NaOH, temperature: 50° c) 



TRACK 1 



TR.\CK 2 



TRACK 3 


L= 18 

.94 yam. 

A= 122 ; 

L= 21 

♦ 20 

A=107 

L= 21 

.85 /im. 

A= 104 

ETL 

Vt 

dE/dX 1 

ETL 

Vt 

dE/dX 

ETL 

Vt 

dE/dX 

10.93 

0,510 

33.00 

13.19 

0.510 

30.50 

13.67 

0.576 

30.50 

13.34 

0.380 

26.00 

15.42 

0.384 

25.00 

16.07 

0.384 

24.00 

14.76 

0.254 

21.00 

17.02 

0.254 

20.50 

17.66 

0.254 

20.00 

15 .86 

0.186 

18.50 

18.12 

0.188 

17.50 

18.77 

1.190 

17.00 

16 .73 

0.156 

16.00 

18.99 

0.158 

15.00 

19.64 

0.158 

14.50 

17.43 

0.124 

14.00 

19.69 

0.124 

13.00 

20.34 

0.124 

12.50 

17.97 

0.090 

12.00 

20.24 

0.094 

11.50 

20.88 

0.092 

10.50 

18.35 

0.060 

10.75 

20.62 

0.060 

10.00 

21.26 

0.060 

9.50 

18.65 

0 . 060 

9.50 

20.92 

0.060 

9.00 

21.56 

0.060 

8.50 

18.87 

0.030 

8.00 

21.14 

0.030 

8.50 

21.78 

0.030 

8.00 


L = maximum etchable track length; ETL = etched track length in 
units of yam; V^j, = track-etch rate in units of yany'min.; and 
dE/dX = calculated energy- loss rate in units of MeV/mg/cm . 
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TABLE III. 12 

Some representative tracks, their identity (i.e., mass number 
of the fission product causing the track), the track-etch rate 
(V^) at different etched track lengths (ETL) and the calculated 

energy- loss rates (dE/dX) . 

(Mica; etchant: 40% HP, temperature; 35°c) 


Identification 

ETL 

^T 

dE/dX 

TRACK 1 

7.57 

0.720 + 0.220 

17.50 

L = 9.01 /um 

A = 140 

8.38 

0.180 + 0.044 

14.50 


8.92 

0.036 + 0.044 

13.00 

TRACK 2 

8.47 

0.720 + 0.220 

17.75 

L = 9.91 urn 

A = 131 

9.19 

0.144 + 0.044 

14.50 


9.73 

0.036 + 0.044 

13.50 

TRACK 3 

9.05 

0.450+0.220 

16.50 

L = 10.15 /im 

A = 122 

9,60 

0.132 + 0.044 

14.00 


10.04 

0.044 + 0.044 

13.50 

TRACK 4 

9.37 

0.720 + 0.220 

18.00 

L = 10.81 jum 

A = 111 

10.18 

0.180 + 6.044 

15.00 


10.72 

0.036 + 0.044 

13 . 25 

track 5 

10.27 

0.720 + 0.220 

17.00 

L = 11.71 A^m 

A = 94 

11.04 

0.162 + 0.044 

15.00 


11.58 

0.054+0.044 

13.50 


L = maximum etch able track length; ETL = etched track length in 

units of um: V„ = track-etch rate in units of^tiin/min.; and 
. • 1 , 2 ' ■ 
dE/dX = calculated energy loss rate in units of MeV/mg/cm . 
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CHAPTER IV 


ANALYSIS OP EXPERIMENTAL DATA 

IV. 1 TRACK LENGTH DISTRIBUTION 

Samples of mica/ Lexan and cellulose acetate were 
exposed to collimated fission products at various incident 
angles for sufficiently long time to get a large number of 
tracKs in each sample. The true track lengths were obtained 
from the observed ones by using Eq. (2.12) and in the case 
of mica these values are tabulated in Table IV. 1 alongwith 
the number of tracks and the per cent of track; s having a 
certain track length. 0 represents the angle of Incidence 
of the collimated fission products. The experimental data 
are summarised in Tables TV. 2- IV. 4. 

The track length distribution was obtained by plotting 
the per cent of tracks against the track length. Figures 22-24 



Cf fission product track lengths in mica 


72 


(D 


CO 

AiJ 

CO 

LO 


CO 

CM 

U 


O 

CD 

If) 

* 

LO 

• 

tH 

• 

KO 

• 

O 

* 


O 


tH 

T-( 

a\ 


VO 

<D 


4J 


r-i 

tH 

CM 

r-i 


CO 

4 ^ o 

O CD CO 


^ O CO \D tn o o} CO CO CO 

t^inr^i>rHCS 3 ^Ln^ro 

^ m 00 CO r-{ 


X 

x: 


VO 

■o 

CM 


CD 

o 

ro 

VD 

o 

0 

CD 

£ 


CO 

. • 

CO 

* 

» 

VO 

if) 

* 

in 

• 


ro 

00 


C :3 
(D^ 

rH 

13 

12 

11 

10 

a\ 

CO 


VD 

LD 



c “ 

r 

^ 4-1 ro 

J-j O >-i 


T! t-l CQ 
•H O Ai 
O I h 44 O 

C g O O 

-H 1 3 M 

12 ; ^ 


O 

VO 

Ch 

O 

VD 

O 


r-i 

VD 






CM 

tH 

(7\ 

in 

O 

(J) 

CO 

a\ 

in 

CM 

CM 

00 

r-i 

VO 

CM 

O 

rH 

LO 

6 

in 

CM 

r-i 

iH 


CM 



rH 

rH 

CM 

tHI 

T~1 








44 

0 

CO 

r-i 

00 

r-i 


O 

Cj\ 

in 

r-i 

CO 




0 

fD 

CO 


00 

as 

00 

t-i 

a\ 


CO 


ro 

00 

VO 


u 


t~4 

00 


in 


CM 

tH 






x; 

o 

00 

in 

00 

o 

00 

in 

00 

o 

00 

in 

00 

O 

O -p 

(0 Dv ^ 

o 

r4 

OJ 

CO 

in 

VD 

r- 

00 

o 

r-i 

CM 

ro 

in 


• 

• 

• 

« 

« 

• 

• 

• 

m 

• 

» 

* 

M C ^ 

&H 

14 

13 

12 

11 

10 

CJv 

00 


r- 

VD 

m 


00 



CO 


CM 

o 

VD 

O 

00 

VD 

CM 


o 

CM 

CM 

CD 

00 

00 

4-4 

o 

00 

CM 

00 

O 


00 

rH 

00 

00 

00 


00 

CM 

VD 

O 

0 

w 

. « 

• 




• 

• , 

* 

• 

• 

* 


• 


* 

u 

o 

CM 


00 

crv 

CIV 

•00 

GO 

in 

00 

tH 

rH 

rH 

iH 

rH 


4J 




r-i 

r-l 

rH 

rH 










O ^44 0 


00 

as 


CM 

CO 

CJN 


rH 

O 

CO 


CM 


o 

o 

i> 

00 


VD 

00 

O 

VO 

VD 

CJ\ 

VD 

vD 


in 

rH 

00 

VD 

0V 

ON 

VD 


CM 

tH 







rC 

ro 

in 

VD 

00 

ON 

rH 

CM 


in 


GO 

O 

rH': 

CO 


0 P'S 

rH 

00 

m 

l> 

ON 

CM 


VD 

00 

o 

CM 

in 

r- 

ON 

rH 

cv Di S 

* 

* 


• 

. • 

* ' 

.• . 

• 

* 


' # 



■ ' *'■ 

• 

c ^ 


r^) 

CM 

■'tH 

o 

o 

ON 

00 


r> 

VO 

:tn' 


::CO, 

CO 

fn ' . <U: 1 

:rH 

■rH', 

rH' 

iH 

rH 

rH 











o 

g 



CO 

O 

CM 

o 

U 

# ; 

rH 

m 

+ 1 

X 

rH 

a 

r-i 

(0 

m ^ 

u 

o 

4J 

rH 


If 

44 

jd 

0 

40 


O) 

M 

a 

<D 

0) 

iQ 

rH ' 

§ 


n 

u 


m 

rH 

M 

m 

4-> 

■p 

♦ 

0 


E-f 


E ^ 



CM 

O 

CO 

O 

r- 

m 

CM 

rH 

11 

+1 

05 


rV; 

rH 

o 

• 

(0 

o 

u 

rH 

4i 

if 


x: 

44 

4J 

O 

Di 


a 

u 

0) 

Q> 

I*H' 

X 


P 

O 

c 

0' ' 


'Sh. : 

rH 

■M 

(0 


-p 

« 

o 

> 

■^B 



'E, 



VO 

O 

m 

o 

00 

• 

^ i 

rH 

li : 


CO 

ON 


ON 

o 

» 

<0 

CTN 

u 

tl 

-p 


X 

44 

4J 

o 

DN 


d 

u 

0) 

<D 

rH 

rQ 


£ 

r!4 


O 

c 

CD 


u 

rH 

-p 



-P 


O 

> 


^ 1 



73 


table IV. 2 


Average 

track length of fission products in 

mica 

Incident 
angle 0 


Number 

of 

samples 

Number of 
tracks 
measured 

Average 
track length 
( m) 

15° 


2 

4856 

9.99 +1.00 

30° 


1 

273 2 

10.14 + 1.00 

45° 


2 

2347 

10.11 +1.00 


Total number of 

tracks = 9935 


Grand average track length 

in mica = 10.06 + 1 .00 ^im. 



TABLE IV. 3 


Average 

track length of fission products 

in Lexan 

Incident 
angle 0 

Number Number of 

of tracks 

samples measured 

Average 
track length 
( /^m) 

15° 

2 3640 

19 .04 ^ 1.00 

30° 

1 1702 

19.39 + 1.00 

45° 

1 2196 

19.48 + 1.00 


Total number of tracks - 7538 
Grand average track length in Lexan ~ 19.25 


TABLE IV. 4 
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Average track length of fission products in cellulose acetate 


Incident 
angle 0 

Number 

of 

samples 

Number of 
tracks 
measured 

Average 
track length 
(p,m) 

15° 


1 

1402 

19.23 + 1.00 

o 

o 

cn 


3 

3248 

18.44 > 1.00 



Total 

nuirber of tracks 

= 4650 

Grand 

average 

track length in 

cellulose acetate 

= 18.67 + 1.00/^in 



TABLE IV. 5 



Comparison between the 
of track lengths in 

theoretical and experimental 
different solid dielectrics 

values 

SDTD 

Density 

TRACK 

LEfJGTH ( Mm) 


( g/cm^ ) 

Theoretical 

Expt.^®^ 

Expt.^^^ 

Mica 

(KAl2Si2H20j_2) 

2.93 

10.00 

10.7 +1.0 

11.25* 

Lex an 
^ ^16^4^3 \ 

1 . 20 

20.60 

20.4 + 1.0 

22.00* 

Cellulose aoetate 

1.32 

19.00 

19.3 +: 1.0 






(a) present ’work; (h) Reference 38 . 
* .Experimental errors not quoted. 
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show the tiracJc length dlstnitrution in mica/ lexan and cellxi"” 

lose acetate. The solid line represents the best smooth fit 

to all the experimental points. The position of the major 

peak represents the most probable track length <L> of ^^^Cf 

fission products in a particular solid dielectric. In these 

figures/ represents the grand average of the track lengths. 

The observed track length distribution shows a single major 

peak in every case as has been noticed earlier.^® T^le IV. 5 

shows the experimental as well as the calculated values of the 

25 2 

mean track lengths for Cf fission products in the three 
solid dielectrics. The method of calculating the mean track 
length of the fission products is described in the next 
chapter. The last column of Table TV. 5 shows the experimental 

values of the mean track length of the fission products from 

25 2 3 S 

"^Cf in mica and Lexan as reported by others. 

The uncertainty in the experimental values is Jjl.OjMn. 

38 

In view of the fact that these workers have not mentioned 
anything regarding the time for complete etching or the etch- 
ing corrections, it is assumed that these corrections have 
not been done by them. Further the number of evQits (i--j 200) 
reported by them is statistically not very satisfactory. The 
results of the present experiment ( as shown in Table TV.S) 

may possibly be considered as more accurate than the earlier 
38 ' 


ones. 
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I V , 1 . 1 Explanation for the Smaller Peaks in the Track Length 
Distribution Curves 

A broad and rather smaller peak appears at the shorter 
track region in each case. This is possibly due to the fission 
products which have undergone grazing collision with the colli- 
mator walls during their passage through the collimator holes. 
To test these assumptions a few experiments were performed 
with a collimator with 1/3 2 inch holes in the case of mica at 
an incidence angle of 30°. It was found that the percentage 
of tracks of lengths less than 5.5 /am increased by a factor 
of two, i.e./ from 5% in the case of 1/16 inch collimator holes 
to'^lO^ in the case of 1/32 inch collimator holes. 

Further, an experiment was performed with a carbon foil 

o 

of thickness ^10 /ag/cm covering the collimator holes to 
prevent any physical carry-over of californium by the fission 
products. It was foxand that this led to no ch^ge in the 
track distribution or on the abxandance of the smaller tracks. 
Hence, grazing collisions are possibly responsible for the 


shorter tracks. 
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IV. 1-2 Reproduction o£ the Observed Track-Distribution 
Cur\’'es by Calculation 

Experiments with solid state detectors show a two- 


peaked energy versus mass yield curve, the peaks correspond- 
ing to the "most probable" light and heavy products. Ihe 
observed track-distribution curves, however, always show only 

Op 

a single peak. The explanation lies in the fact that the 
track length is not simply a linear fxinctlon of the energy, 
but depends in a complicated way on the mass, nuclear charge, 
and velocity of the fission product and on the nature of the 
solid dielectric. Further, the energy- resolution on the basis 


of track length is rather poor, so that it is not possible, 
because of experimental uncertainties, to distinguish between 
the tracks of a group of fission products of closely spaced 
mass numbers. The mean track length, therefore, remains the 
only significant experimental quantity for comparison with the 
theoretically calculated value. An attempt is made here to 
"construct" the observed track-distribution curve by bunching 


together a group of closely occurring fission products of 
practically the same calculated track length. One may then 
plot the sum of the yields of a bunch, which may be called 
the "group yield", against the theoretical track length 
corresponding to the mean mass of each group- The only condi- 
tion that has to be fulfilled is that the track length of the 

two fission products at the two ends of a group do not differ 
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f irom the mean track length of the group hy more than the expe- 
rimental xancertainty in the track length measurement. Thus the 
maximum nurriber of fission products which can be included in a 
group depends upon the relative track length and the uncertain- 
ties in the track length measurement in a particular dielec- 
tric. Tables IV, 6 and IV. 7 show the constitution of the 
various groups^ their mean masses and the calculated track 
length corresponding to each mean mass and the group yield. 

The values of the individual fission product mass yield have 
been taken from Schmitt et and are listed in Table II. 1. 

The velocities corresponding to the fission products of given 
masses have been calculated from the kinetic energy data of 
Schmitt et _al. with the help of Eq, (2,2) and the correspond- 
ing most probable charges Zp{A) have been obtained by means of 

17 

Eqs. (2.5) and (2.6) as given by Mukherji's prescription. 

These data have been used to calculate the theoretical track 
lengths as outlined in the next chapter. The plots of the 
group yields versus track lengths are shown in Figs. 25-27 for 
comparison with the experimental track length distribution 
curves as shown in Figs. 22-24 for mica/ Lexan and cellulose 
acetate. The constructed curves have good correspondence with 
the experimental ones in the case of Lexan and cellulose ace- 
tate but not in the case of mica* The possible reason is that 
in mica/ the track lengths being much smaller than in the other 
two dielectrics/ the number of possible gicoups is considerdsly 
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TA3LB IV. 6 


252 

Cf-f ission-product mass groups, their percentage 
group yields, the mean masses and the corresponding 
calculated track lengths in mica 


Fission product 
mass groups 

Mean 

mass 

Calculated 

track 

length (/im) 

Group yield 
(%) 

80-96 

92.16 

11.80 

4.04 

97-105 

101.91 

11.36 

18.95 

106-114 

109.50 

10.90 

22.75 

115-138 

130.80 

9.92 

20.84 

139-143 

140.96 

8.93 

14.33 

144-147 

146.86 

8.50 

9.90 

148-152 

149.68 

8.10 

6.50 

153-165 

157.86 

7.20 

3.13 


Mean mass = — ■^rr;: / 

i^ ^ 

where and are the mass number and the yield of itti 
fission product in a group. 



table IV. 7 
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252 

Cf-fission-product mass groups, their percentage 
group yields, the mean masses and the corresponding 
calculated track lengths in Lexan and cellulose acetate 


Fission product 
mass groups 

Mean 

mass 

Calculated 
track lenoth { tim) 

Group 

yield 

(%) 

Lexan 

Cellulose 

acetate 

90-91 

90.50 

26.13 

24.03 

0.50 

92-93 

92.56 

25.80 

23.74 

0.80 

94-95 

94.56 

25.35 

23.36 

1.13 

96-97 

96.54 

24.88 

22.96 

1.63 

98-99 

98.58 

24.55 

22.64 

2.68 

100-101 

100.56 

24 . 24 

22.38 

3 . 95 

102-103 

102.50 

23.88 

22.04 

5.53 

104-105 

104.50 

23.54 

21.74 

5.93 

106-107 

106.53 

23.12 

21.35 

6.18 

108-109 

108.46 

22.64 

20.94 

5.85 

110-113 

111.32 

22.10 

20.40 

9.08 

114-136 

127.10 

20.10 

18.60 

17.09 

137-140 

138.52 

18.71 

17.30 

11.05 

141-143 

141.90 

18.04 

16.68 

8.68 

144-146 

144.93 

17.47 

16.18 

7.75 

147-149 

147.84 

16.95 

15.68 

5.50 

150-152 

150.94 

16.30 

15.03 

3.25 

153-156 

154.20 

15.55 

14.39 

2.05 

157-163 

159.19 

14.40 

13,30 

1.03 

- — — — T- ^ 


(SPONTANEOUS FISSION) 



iwtifiha . of, ' ' f i ss im products 
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smaller' and the relative uncertainties in the track lengths are 
much larger. Several trials at various types of grouping 
might lead to better agreement but since the constructed 
curve is not of any serious theoretical significance/ it was 
decided to leave it at this stage. 

IV. 2 RELATION BETWEEN THE TRACK- ETCH RATE AtlD THE ENERGY- 
DEPOSITION RATE dE/dX 

In Chap. Ill, Sec. III. 4, the experimental method for 
determining the track -etch rate V,p has been described. Experi- 
mentally, the quantity that has been determined is the track- 
etch rate at different points on the track. In Chapter V, 
the method of computing the range of a heavy ion in a complex 
medium is described in detail. The computer output lists the 
velocity of the ion after it penetrates a certain thickness 
of the medium and the dE/dX at that point and ultimately gives 
the thickness required to reduce the velocity to V^ , /v^ich is 
considered as the range of the ion. The total track length 
of a fission product, however, is usually less than the range, 
since no track are visible as soon as the dE/dX of the ion 
falls below (dE/dX)c-^® -n Chap, m. Sec. III. 4, the experi- 
mental values of the track-etch rate Vy at^ different etched 
track lengths have been obtained as shown in Figs. 17-21. The 
maximum etchable track length L for each of these tracks 
corresponding to etching, time t^ are also known (Tables II .8 
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111,12) . -from Figures 42 and 43 one can obtain the calcula~ 
ted values of the track lengths L of the various fission pro- 
ducts of known mass. Kence^ from the experimental maxiirtum 
etchable track length L and Figs. 42 and 43 one can identify 
which fission product is involved in a particular track one is 
studying. Further^, from the computer output, the dE/dx values 
corresponding to different etched track lengths (i.e», penetra- 
tion depths) have been obtained as shown in Figs. 28-30 for 
the appropriate fission product in Lexan, cellulose acetate 
and mica. Thus from Figs. 17-21 and Figs. 28-30 the plot of 
versus dE/dX has been obtained as shown in Figs. 31-35. 
Inspite of the large uncertainties in , it seCTis possible 
that a linear relationship exists between the track-etch rate 
and the energy-deposition rate. The straight lines represent- 
ing the weighted least-square fit to the data cut the line 
representing at dE/dX which equals (dE/dX)^^ of the different 
media. Values of (dE/dX)^ , thus obtained, are listed in 

Table IV. 8 along with the corresponding experimental values 

40-42 

available in literature. 
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TABLE IV, 8 


Values of the critical energy-deposition rate 



(dE/dX)c 

for different 

solid dielectrics 


sdtd 


Critical energy-deposition rate, 
(dE/dx)cz (MeV/mg/cm^) 



( a) 

(b) 

(c) 

(d) 

Lexan 

7.6* 

4.0 

8*0 

5.5 

Cellulose 

acetate 

8.0 

- 

- 

- 

Mica 

13 .7 

13.0 


15.0 

( a) Present work. 

(b) Fleischer et al./ 

Reference 40. 

• 



(c) Remy ^ Reference 41. 

( d) Debeauvais ^ Reference 42. 

* Mean value of three determinations under different 
etching conditions. 






CHAPTER V 


THEORETICAL CALCULATION OF THE TRACK 
LENGTHS OF HEAVY IONS AND FISSION 
PRODUCTS IN SOLID DIELECTRICS 


V.l INTRODUCTION 

The theoretical calculation of the track lengths of 
energetic heavy ions in solid dielectrics poses two difficult 
problems. The first problem is that one has to find reliable 
stopping-power equations which do not contain any arbitrary 
parameter and which predict satisfactorily the availdole expe- 
rimental stopping-powers and ranges of heavy ions in elemental 
media. Once such equations are found, s topping- powers in 
complex media of known irolecular formula can be calculated 
on the basis of Bragg's additivity rule which states that the 
stopping-power of a complex mediiim is the sum of the stopping- 
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powers of the atoms of the constituent atomic species. The 
second problem is due to the observed fact that in a solid 
dielectric the track length of a heavy ion is not always 
equal to the penetration depth or range of the ion. It has 
been reported by some workers ' that no visible tracks are 
formed by a heavy ion even when it has a considerable amount 
of kinetic energy left in it. Thus, even if the range is 
calculated with the help of suitable stopping-power egaations, 
one does not know how to calculate the track length with any 
degree of precision. The first problem has been solved by 
Mukherji and Srivastava}^® Srivastava aid Mukherji^^^ aid 
Mukherji and Nayak.^^ A brief description of their work would 
be given first before proceeding to the solution of the second 
problem in the second half of this chapter. 

V.2 STOPPING-POWER EQUATIONS FOR COMPLEX MEDIA 

Niday'^^ was the first to show that a stopping-power equa- 
tion due to Bohr^^ could be used, with a minor modification, to 

calculate the ranges of fission products in metallic uranium as 

13a 

the medium. Mukherji and Srivastava then developed a method 
for using the same equation to calculate the ranges of fission 
products in both heavy as well as light media. The basis for 
this generalization came from the observation, that the velocity 
distribution among the orbital electrons of an element of 
atomic number Z is given by 
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u 

n (Ug) = f (Z) ^ (5.1) 

O 

where n (Ug) Is the number of orbital electrons with orbital 

velocity less than U , V^{= e^/ti ) is the velocity of the 

s o 

electron in the hydrogen atom in its ground state and f(Z) is 
given by 

f(Z) = 0.28 for Z^45.5 (5.2) 

f(Z) = Z^/^ for Z>45.5 (5.3) 


Further, the ionic charge of the ion, in units of the electro- 

of "f* 

me charge, was found to be given by the quantity Z “ 

Z®^^ = f(Z) ^ , (5.4) 

o 

where V is the ion velocity. Using these ideas , the range 

2 

R in units of mg/cm , was found to be given by 


R = 


^^2 


127.3 f (Z 2 ) [4.7622 {f(Z^)}^/^ 



(5,5) 


where and Z^ , Z^ represent, respectively, the mass 

numbers and atomic nurrbers of the ion aid the meditun , is 
the initial velocity of the ion and is the velocity of the 
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electron in the hydrogen atom In its ground state. Both 
and in Eg. (5,5) are to be expressed in units of 10^ cny'sec. 
The expressions for both f(2^) and ^(^ 2 ) are given by Egs.(5.2) 
and ( 5 . 3 ), Eg. ( 5 . 5 ), however, is applicable only for parti- 
ally stripped heavy ions like fission products with velocities 
not high enough to excite or ionize the innermost electrons of 
the media in which they are slowing down. Mukherji and Sri- 
vastava^^^ later obtained a set of general stopping-power egua- 
tions from the same basic stopping-pov/er equation of Bohr.^^ 
These stopping-power eguations are applicable in the case of 
all heavy ions at any energy and in any elemental medium. From 
these eguations the range of any heavy ion were computed by 
these authors^ as 


Eo 

{ Se 


ldE\ 


i 


) \<3^/E 

% 

where (dE/dX)g indicates the stopping-power at ion-energy E, 

E^ is the initial ion-energy, E^ is the energy at which the 
velocity of the ion is and 6 e is a small energy- interval 
(^0,01 MeV) over which (dE/dX)^ remains practically constant. 
The final velocity indicates that below this velocity the 
ion undergoes screened-coulomb-f ield interactions to a pre- 
dominant extent and, because of severe large angle scatterings, 
the distance travelled by it in its original direction at 
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1 15 

is negligible. ^ Recently, I'^herj i and NayaJc have made 

corrections to these equations and have shown that the new 
set of stopping-power equations are in excellent agreement 
with all available experimental data, without any exception, 
in the case of elemental media. Since these equations have 
been used in the present work, they are listed below along 
with the conditions of their validity. 


(1) X 


2V„X 


o 


dX 


63.65 Z , ( 11.39 




(5.6) 


( ii) X ^ ^ ' 


zv 


(2-2)V X ZV X 


> 


2f (Z) 


>v> 


ZV 


4/3 


dX 


63.65 z' 
2 

AV 


<^2) 3 log,„ 


o 

(5.7) 


(iii) 7^ 


ZVq ^ (Z-2) V_^X (Z-2)V^X 


> 


2f (Z) 


2f ( Z) 


dE _ 63.65 z^ 1--, / 1 I .39 

_ _ — _ — (z-2) logiol - ■:7~ 


dX 


AV 




(5.8) 


ZV 


(2-2)VJC 


( Z-2) V 7 C 


(Iv) )C>1, = 

Eq. (5.8) would be also applicable in this region. 
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(v) 1, 


(z;- 2 )v X {z-2)vx 
o ^ / o' 


2f (Z) 


2f(Z) 




ZV y- 


1/3 


dE ^ 13.79 z' 
" Av2 


J2f (Z)vl 


3(Z-2) +3(2-2) lns^||^|j~/+ 6 In ^ + 


2f (ZV) 

V y 

O 


2 InX 


_ o 

(5.9) 


ZV (2-2)V X 2V (Z-2)V Y 

{vxJ ji^l, ^ 5f ( Z) ' 9 ■ 

^(Z-2)V Xl i 


,1/3 


1/3 


dE _ 13.79 z 


dX 


AV 


2f (Z) 

3(2-2) + - fM~ — - 3(2-2) In 


2f(z) 




o' 

2Vf{Z) I 


(5.10) 


(Z-2)V X (Z-2)V X (Z-2)V 

(vii) X>1/ 2~ ^ ‘ 2f(zy ' 2f (2° 5fTzT ■ 


2f(Z) 


Eqn. (5.10) would be also applicable in this region, 


(viii) X ^ ^ <C 


( Z-2)V^ 


2f(Z) 


dE _ 12.68 f(Z) z^ 1 3 v ^/3 + ^“1 
AV 


dX 


(5.11) 


( ix) X <1' 


ZV 


dE 63.65 2 , / 11.39 V^ 

iog3_Q 


dX 


AV 


(5,12) 
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At relativistic energies of the ion 


13b 


^ _ 63 .65 z Z 
dX 


AV 


vlog. 


'11.39 




10 \ T 


1(1- P^)/ 2.303 


(5.13) 


ZV 

(x) ■X< 1, ° 


(Z-2)v 
>v> ° 


2 / ” 2f (Z) 

dE _ 63.65 z^(Z-2) 


dX 


AV" 


log 


11.39 V" 


10 


(5.14) 


,, ^ (Z-2)V 

(xi) }^<Cl, V < ~ 2 f 


dE _ 50.6 f(Z) z" 
^ ■ AV 


(5.15) 


The following three equations hold in the case cf hydrogen 
as the medium. 


( xii) X ^ ^ 




dE 

dX 


^ 63.65 z" 

v2 


log. 


/ 


11.39 V^ 


10 


I % 


(5.16) 


(xiil) 




O’ 


>v> 


''aX 


1/3 


dE _ 47.74 z^ / 11.39 V^ 

"°%0 I ^ ^ 2/3 


dX 


(5.17) 



(xiv) %< 1, V> : 
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dE _ 63.65 , 

where 1= 13 .6 eV. 

' 

All the stopping-p6wers/ given by the equations above, 

are in units of MeV/mg/cm^, V and are in units of 10® c.Vsec., 

z is the ionic charge of the heavy ion in units of the electro— 

nic charge, and ^ = 2Z -r— ; I, and are the mean ionization 

potentials of the medium, in electron volts, considering all 

the orbital electrons in the first case and leaving out the 

two K-shell electrons in the second case. Z is the atomic 

number of the medium and A, its mass number. The values of 

f(z) were originally given by Eqs. (5.2) and (5.3), but 

15 

recently, I^kherji and Nayak have shown that a better expre- 
ssion for f(z) is given by 

f(Z) = 0.3634 , (5.19) 


11.39 V'" 


(5.18) 


for Z^4. The mean ionization potential l(eV) can be calcula- 

44 

ted from the equation of Mukherji 


Z In I = (Z-2) In 


13.6 


Z-2 


2.717 


f(z) j 


+2 In (13.6 zn 


( 5 . 20 ) 


where the first term on the right hand side gives the contri- 
bution of the outer (Z-2) electrons of the medium, while the 
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second term is that of the two K- shell electrons. If the tws 
K-shell electrons do not participate in the energy- loss process 
then the new mean ionization potential would not include the 
contribution of the two K-shell electrons and would be given 
by 


(Z-2) In = <Z-2) In 


13.6 


Z-2 


') 2.717 f{Z) f 


I 


; j 


or 


= 13.6 


^ z-2 1 2 

2.717 f(z)r 


(5.21) 


The values of f(Z) in Eqs. (5.20) and (5.21) have to be takoi 
from Eq. (5.19). The values of z at any velocity V is given 
by two different expressions, depending upon the value of V 


f(Z^) 


V 

V 


for V < 


2fTzp- 


(5.22) 


and z = Z. 

where Z^ is the atomic n\amber of the ion and f(Z^) is given 

15 

by Eq. (5.19) with Z = Z^^ . Mukherji and Nay ak have shown that 
the ranges and energy- losses calculated by means of Eqs. (5.6) - 
(5.15) and Eqs. (5.19) - (5.23) in the case of various heavy 
ions in several el^ental media are in excellent agreement 
with the corresponding experimental values. Asstimlng the 


2V 


1-2.03 exp < - 


f(Zj^) 


^^o j 


1/2 
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validity of Bragg' s additivity mle^ the expression for the 
stopping- power of a complex medium in terms of those of the 
constituent atomic species is given by 


wA Ic 




y.A. 

1 1 


dX^E 


Ji 


(5.24) 


where [^(dE/dX)^^ is the stopping-power of the complex medium 
at the ion-energy E{MeV), |^(dE/dX)g^^ is the stopping-power 
of the ith atomic species at the same ion-energy; and 
are the number of atoms per molecule and the atomic number 
respectively of the ith atomic species. If both [^ ( dE/dX) 
and QdE/dX)^^^ are expressed in units of MeV/cm^/mgy then 
^(dE/dX)gJ^ can be obtained directly from Eqs. (5.6) - (5.18) 
with the help of eqs. (5 .19) - (5 . 23) . The total penetration 
depth or range R is then given by 


2 

R(mg/cm ) 



(5.25) 


where 6E is a small but finite energy interval (/^O.Ol MeV) 
over which the stopping-power remains virtually constant^ E^ 
is the initial ion-energy, and E^ is the final energy corres- 
ponding to the ion-velocity . Using this procedure, Mukherji 
and Nayak^^ have recently, with the help of a computer (IBM 7044), 
obtained the range-energy and ener®?’- loss curves for several 
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heavy ions and ^°Ne) in some 

complex media (Mylar/ polyethylene, human tissue material and 
nuclear emulsion) and found them to be in veary good agreement 
with the corresponding experimental data. The same procedure 
has been used in the present iirork to obtain the trach lengths 
in solid dielectrics as discussed in the next section. 

V.3 DISTINCTION BETli^EEM TRACK LENGTH AND RANGE OF A HEAVY 
ION IN SOLID DIELECTRICS 

It has been mentioned earlier that heavy ions fail to 
register any track in a high density solid dielectric even 
when they have considerable amoaant of kinetic energy. Ple4#cher 
et ^1."^*^ derived the important conclusion, on the basis of the 
avail^le data, that, for each solid dielectric, there exists 
a critical or threshold stopping-power (dE/dX) which is 
independent of the penetrating ionj if an ion has ai energy 
such that its stopping-power is less than (dE/dX)^ then it 
would not register a track in that medium. Since for every 
heavy ion the curve obtained by plotting the stopping-power 
dE/dX against the ion-energy E has a typical shape as shown in 
Figs. 36-38, the total track length would be given by the 
thickness of the dielectric required to reduce the energy of 
the ion from E 2 to E^ , where and E^ are the higher and 
lower energies of the ion at which (dE/dX)^ is reached (Pig. 36), 
i f E^^ E 2 , where E^ is the initial ion-energy . Cki the other 






110 




CELLULOSE= NITRATE 









112 


hand if , then the track length would be equal to 

the thickness of the dielectric required to reduce the energy 
from E^ to Ej^ . For very low-density dielectrics we may have 
^o ’ where E^ is the ion-energy corresponding to the ion- 
velocity\^and if the condition E 2 ^E^]>E^ is also fulfilled, 
then the range and the track length become identical. To 
test these assumptions, ranges and track lengths of some 
heavy ions v Fe, ^Br, ^l) were computed (with the help 
of IBM 7044} in mica ( KAl^Si^H^O^ 2 ^ ^^opside (CaMgSi20g) and 
hypersthene (Mg^^ 5^®0 procedure of Mukherji 

and Nayak^^ which has been discussed earlier. TablesV.l-V.3 
show these calculated values along with the corresponding 
experimental values from Price ^ _al. In computing the 
track length, it has been assiomed that the values of the cri- 
tical stopping- powers as given by Fleischer et al. are 
correct, although the equation used by these authors to 

calculate the stopping-powers in complex media cannot be 
accepted as fully reli^le since it has neither a rigorous 
theoretical basis nor is it well-tested in the case of elemen- 
tal media. Hov/ever, inspite of this xancertainty in the values 
of (dE/dX)^ , it can be seen from Tables V.1-V.3 that there 
is a fairly good agreement between the experimental and the 
calculated track lengths. At this point, a search was made 
for an empirical relationship between the critical stopping- 
power of a medixom given by various authors as shown ^ 

T^le V.4 (along with their densities and cbemical 
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table V.l 


Ranges and track lengths of some heavy ions in mica. 
The calculated track lengths are based on 

(dE/dX)^ = 13.0 MeV/mg/cm^ 


Heavy 

ions 

Initial 

eneroy 

E. “ 

1 

(MeV) 

Range 

R 

(/Wm) 

Track length 

Experimental* Theoretical 

127j 

60.0 

8.28 

7.20 

7.03 


29.4 

5.10 

4.00 

3.85 


21.6 

4.00 

2.80 

2.75 


15.0 

2.95 

2.20 

1.70 

■'^Br 

60.0 

9.98 

7.10 

7.48 


29.4 

6.35 

3.50 

3.85 


21.6 

5.10 

2.70 

2.60 


15.0 

3.90 

1.50 

1 .40 


69.0 

12.80 

8.50 

8.70 


6 2.5 

12.10 

7.50 

8.00 


54.0 

11.10 

7.30 

7.00 


41.3 

9.55 

5.70 

5.45 


30.4 

7.90 

4.20 

3.80 

*Price 

et al. (Reference 12) . 

The experimental 

uncertainty 

is +0 

.5 
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TABLE V.2 


Ranges and track lengths of some heavy ions in diopside. 
The calculated track lengths are based on 

(dE/dX)^ = 19,0 MeV/mg/cm^ 


Heavy 

ions 

Initial 

Energy 

^i 

(Mev) 

Range 

R 

( m) 

Track length 
Experimental’^ 

C (Mm) 

Theoretical 

Set I 

Set II 

127j 

60.0 

7.62 

4.00 

. 

4.82 


29.4 

4.65 

1.60 

- 

1.85 


21,6 

3.68 

1.00 

- 

0.88 


15.0 

2.70 

0 

< 0.50 

— 

Br 

60.0 

9.20 

4.20 

4.20 

4.80 


29.4 

5.85 

1.00 

1.50 

1.45 


21.6 

4.77 

0.70 

0.70 

0.37 


15.0 

3.58 

— 

<0.50 


56„ 

Fe 

69.0 

11.80 

— 

5.80 

5.10 


62.5 

11.14 

- 

4.50 

4.44 


54.0 

10.25 

- 

3.20 

3.55 


41.3 

8.81 

- 

3 . OO 

2.11 


30.4 

7.30 

1,40 

2.10 

0.60 


* Price _et al. (Reference 12) . The experimental uncertainty 
is +0.5/^m. 
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TABLE V.3 


Ranges and track lengths of some heavy ions in hypersthene. 
The calculated track lengths are based on 

(dE/dX)^ =20.0 MeV/mg/cm^ 


Heavy 

ions 

Initial 

Energy 

^i 

(MeV) 

Ranae 

r" 

( Mm) 

Track length 

( /^ m) 

Expe rimen t al* 

Theoretical 

Set I Set II 

127j 

60.0 

7 . 20 

3.50 

4.10 


29.4 

4.48 

1.50 

1.38 


21.6 

3.45 

_ 

0.35 


15.0 

2.55 

— — 

— 


Br 

60.0 

8.80 

3.40 

3.40 

4 .00 


29.4 

5.60 

<1.00 

- 

0.80 


21.6 

4.45 

0 

0 

- 


15.0 

3.42 

0 

0 

— 


S^Fe 

69.0 

11.35 

5.00 

5.60 

4.55 


62.5 

10.70 

4.20 

4.80 

3.90 


54.0 

9.80 

- 

2.80 

3.00 


41.3 

8.40 

2.20 

2.20 

1.60 


30.4 

6.95 


1.00 

0.15 


*Price ^ al. (Reference 12). The experimental tin certainty 
is _+ 0.5 /zm. 
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Values of the critical energy- loss rate (dE/dX) 
and the density .for various solid dielectrics^ 

Density ( dE/dx) ^ (dE/dX)^ 

SDTD P ^ ^ Ref. 

(q/cm ) (MeV/mq/cm'^) (IC^ MeV/cm) 


Cellulose nitrate 

1.33-1.49 

Cellulose acetate 

1. 27-1.34 

Cellulose acetate 
butyrate 

(C20H32O5) 

1.15-1.22 

HBPalT Polyester 

(C17H9O2) 

1.40 

Lexan polycarbonate 

1.20 

Mylar 

< ‘^10»8°4> 

1.20-1.35 

Tektite glass 
( 743102 . 1 2 AI 2 O 2 . 4PeO) 

2.43 

Sodalime glass 
( 67310^. 14Na,0.14Ca0. 
5 AI 2 O 3 )' 

2.49 

Phosphate qlass 

( 6 3P2O3 . 1 IUO 2 . 8 AI 2 O 3 . 
9Ag20.9K20) 

3.10 

Mica 

( KAl33i3H20^2^ 

2.93 

Quartz ( 3102 ) 

2.65 

Zircon (Zr3i0^) 

4.68 

Diops ide 
(CaMgSi 20 g )2 

3 . 27 

Hypersthene 

.5^®G.5®^2°6^ 2 

3.45-3.65 

Olivine (MgFeSiO^) 

3.32-3.35 


0.86 


2.0 

+ 1.0 

2.82 

+ 1.60 

45,40 

8.0 

+ 2.0 

10.40 

+ 2.64 

Present 

work 

3.0 

+ 1.0 

3.66 

+ 1.22 

40 

3.0 

+ 1.0 

4.20 

+ 1.40 

40 

4.0, 

5.5 

8.0 


7.20 

+ 2.40 

40,42, 

41 

4.0 

+ 2.0 

5.10 

+ 2.55 

40 

15.0 

+: 2.0 

36.45 

+ 4.86 

40 

15.0 

+ 2.0 

37.35 

+ 4.98 

40 

15.0 

+ 2.0 

46.5 + 6.20 

40 

13.0 

+ 2.0 

38.09 

+ 5.86 

40 

15.0 

+ 2.0 

39.75 

+ 5.30 

40 

19.0 

+ 2.0 

88.92 

+: 9.36 

40 

19.0 

+ 2.0 

62.13 

+ 6.54 

12 

20.0 

1 2.0 

71,00 

+ 7.10 

40 

20.0 

+ 2.0 

66.70 

+ 6.67 

. 40^ ; 
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composition) and some of its physical properties. It 
was foimd that a plot of (dE/dX)^ in MeV/cm (obtained by 
multiplying the stopping-power in MeV/mg/cm^ by the density 
of the medium) against the density P of the medium yields a 
straight line. Fig. 39 shows the straight line representing 
the least-square fit to the experimental data on (dE/dX)^ and 
from this one gets 


dE 

IdX 


= 25.5 ( P- 1 ) 


(5.26) 


/< 


where (dE/dX)^ is in units of 10'^ MeV/cm and P is the density 
in g/cm . Eq. (5.26) permits the calculation of the track 
length of any heavy ion of known initial energy in any solid 
dielectric of known molecular formula and density. Further 

calculation on the tracic lengths were carried out for several 

, . , 11 ^ 12 „ 14 .,- 16 „ 20 .,, 22 , ■ 3 2 ^ 40 , , 

heavy ions ( B, C, isi, O, Me, Me, S, Ar and 

1 2f7 

' I) in Lexan and cellulose nitrate. The calculated track 
lengths are shown in Figs. 40 and 41 along with the correspond- 
ing experimental values from Tripier ^ _al.^^ The values of 

( dE/dX) ^ for Lexan and cellulose nitate have been taken as 

2 

5.0 and 3.5 in units of MeV/mg/cm , respectively. While the 

agreement seems to be excellent in the case of Lexan for all 

the ions, it is not so good in the case of cellulose nitrate, 

16 

particularly for the ions lighter than O. The density of 
cellulose nitrate as well as its exact composition are some- 
what uncertain and the present calculations have been made on 






DENSITY 

Pig, 39, Plot of the critical ^^^tb|>| 
versus the i3en#|##’'tor va; 
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the basis of the dinitro form (Cgr^O^Ma) and a density of 
1.49 g/cm . Tripier ^ have not mentioned the exact 

composition of the cellulose nitrate they have used in their 
experimental work. 

Because of the overall good agreemeat between the calcu- 
lated and experimental track lengths it appears that the 
stopping-power equations of Mokherji and N ay ak^,^ along with 
the assumption that only that portion of the range within 
which the stopping-power of the ion remains above the critical 
stopping-power (dE/dX)^ represents the track length, provide 
a reliable method for calculating the track lengths of heavy 
ions. In Table II. 1 (Chapter II) , the relevant data on the 
mass number A, the atomic number or the most probable charge 

Zp(A), and the initial energies of the different products from 

252 

the spontaneous fission of Cf have been listed. Using these 

data, the track lengths of these fission products have been 

computed in mica, Lexan and cellulose acetate by using the 

same procedure as for the other heavy ions mentioned earlier. 

These results are shown in Figs, 42 and 43. The mean track 

length of the fission products may be computed either as 
£ yTl, 

or —2 , where and are the yield and the 

track length of the ith fission product, while 
the track lengths of the most probable heavy and the most pro- 
bable light fission products, respectively. Since the mass 
yield curve is a two-humped, symmetrical curve, with the two 
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peaks corresponding to the yields of the most prob^le light 
and heavy fission products^ both the procedures yield the same 
value for the mean track length. Table IV, 5 shows that the 
agreement between the calculated and the experimental values 
of the mean track length of the fission products in all the 
three solid dielectrics mica, Lexan and cellulose acetate, is 

excellent. Further, the earlier experimental values reported 

' 38 ' 

by Fleischer et _al. are also in good agreement with the 

present experimental and calculated values, considering the 

38 

fact that those authors possibly have not made any systona- 
tic surface-etching and over-etching corrections to their 
observed track lengths. 

During th e computation of the track length, the computer 
keeps account of the energy- loss rate at every new ^ergy E of 
the ion, as also the distance it penetrates while the energy 
gets reduced from its initial energy to the energy E. Thus, 
the computer output provides automatically the stopping-powers 
of the medium corresponding to different penetration depths. 
Since, for all fission products, the stopping-power corres- 
poning to the initial energy E^ is always greater than (dE/dX) ^, 
the penetration depths are identical with the different etched- 
track lengths in the experiments done on track-etch rates as a 
function of the etched-track length. Thus, the theoretical 
stopping- power or energy- loss rates have been read out from 
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the computer output by: 

(a) First Identifying the fission product responsible 
for the track from the maximum etched track length after 
correcting for surface-etching and over-etching from Figs. 42 
and 43, and (b) Taking the computer output for the Identified 
ffsslon product and noting do* the stopping powers correspond- 
ing to the etched-track lengths at different etching times. 

The relation between the stoPping-power and the track-etch rate 
een obtained by noting the track-etch rate determined 
experimentally at a given experimental etched-track length 
and reading cut the theoretical stopplng-.oower corresponding 
to the etched-track length or the penetration depth. The 

the track-etch rate against the stopping-powers of 
he identified tracks have been shown in Figs. 31-35. 





CHAPTER VI 


SUMVIARY 

AND 

CONTRIBUTION TO KNOWLEDGE 


The present T^^rk represents a detailed experimental 
study on the etching conditions required for a precise 
knowledge of the experimental track length of a heavy ion of a 
given initial energy in a given solid dielectric. This study 
has shown the need of knowing the complete etching time and 
bulk-etch rate for obtaining the true track length from the 
observed track length. Further^ an empirical observation 
has shown that when a track is fully etched it has a definite 
diameter d^ in a particular medium. From the activation 
energy for bulk-etch rate, determined in the present work, 
it is possible to theoretically calculate the complete etch- 
ing time for a given medi\im at a given temperature, using 
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APPENDIX B 


ESTIMATION OF THE RELATIVE ERRORS 
INVOLVED IN TWO DIFFERENT METHODS 

OF track length measurement 


As shown in Fig. 13, a conical track with ai incident 
angle 0 forms an ellipse at the surface on etching and the 
centre of the track does not pass through the centre of the 
ellipse but undergoes a slight displacement towards the right. 
In the present measurements, the track lengths have been figti- 
mated on the assumption that the centre of the track passes 
through the centre of the ellipse. The percentage error 
involved in this is as follows. The centre of the track 
divides the major axis into two unequal portions of lengths 


(B.l) 

(B.2) 


X^ and X 2 . From Price and Fleischer, we have 

X, = V-t (1-sin e/sin 0)/sin (0-0) 

^2 “ (1-sin e/sin 0)/sin (0+0) 

Vgt is known as alao e, ao and Xj are calculable for diffe 

rent values of 0. Ibe error ■ r' in the measurement of track 
length Is [(X^t X^) /2-x;\/cos fS and the percentage error Is 
100 [(Xj+ X^l/2-X2j/i' tos 0 . foi' angle of incidence 

the percentage error associated with the above mentioned 
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rnothod hss bssn cslculstsd snd Is ^ivsn in Tsbie b 1 

Table B.l 

Percentage error involved in measuring 
the track length from centre to tip 


Anale of incidence * 
0 

^1 

(/im) 

^2 

(/t^m) 

Error ' r' 

( yCim) 

Percentage 

error 


4.79 

3.01 

0.92 

4.60 

n 

30° 

2.46 

1,99 

0.28 

1.40 

45° 

1.72 

1.53 

0.14 

0.70 


The second method involves measurement of the depth Z 
L = (Vgt t Z) / sin 0 (B.3) 

From the value L=20yam for the average fission pix>duct 
track length in Lexan and 0 = 15°, 30° and 45*^/ the theoreti- 
cal values of 2 are given in Table B.2, If Z were measured 
directly (by our microscope) then the error introduced would 
have been +0,7 /um, since one can read down to half a vernier 
displacement in the vertical direction (one vernier division 
corresponds to 2,82 /^m) with accuracy. Thus the percentage 

error would be as shown in Table B,2. 

It is apparent that the percentage error in track lergth 
estimation through depth measurement (Table B.2) is much larger 
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than that associated with the approximation that the centre 
of the track passes through the centre of the ellipse 
(Table B.l) . 

Table B.2 

Percentage error involved in the depth measurement for 
a track of length = 20 /^m. Vgt = 1.25 /im. 


Angle of incidence 

0 

Depth ' Z' 

( /Um) 

Track length 
( Am) 

Percentage 
erro r 

15° 

3.93 + 0.70 

20.00 + 2.72 

13.6 

30° 

8.75 + 0,70 

20.00 + 1.40 

7.0 

45° 

12.89 + 0.70 

20.00 + 1.00 

5.0 
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